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ABSTRACT 


The  principal  objective  of  thli  program  was  to  study  the  application  of  the  band-pass 
principle  to  aircraft  landing  gear  shock  struts.  The  program  included  both  theoretical 
and  experimental  evaluation.  The  first  portion  of  the  theoretical  studies  was  devoted  to 
the  design  and  evaluation  of  a  band-pass  unit  for  the  McDonnell  F4H-1  MLG  shock 
strut.  The  second  part  of  the  theoretical  studies  was  the  design  and  evaluation  of  a  unit 
for  the  North  American  A3J-1  MLG  shock  strut. 

The  experimental  program  consisted  of  the  fabrication  of  a  band-pass  unit  and  modifi¬ 
cation  of  the  A3J-1  shock  strut  to  utilize  it  and  the  test  program  conducted  in  the  drop 
test  tower  over  the  120  inch  dynamometer. 

The  principal  result  or  conclusion  coming  from  the  program  is  that  loads  arising  from 
arresting  cable  impact,  into  the  unsprung  mass  (tire,  wheel,  axle,  and  inner  cylinder  of 
shock  strut)  are  not  alleviated  to  any  appreciable  degree  through  use  of  the  band-pass 
principle.  The  incremental  increases  in  loads  through  the  landing  gear  attach  points 
into  the  aircraft  structure,  however,  may  be  reduced  up  to  50%.  '  ; 

This  report  covers  all  phases  of  study  as  outlined  above. 

PUBUCATION  REVIEW 

The  publication  of  this  report  does  not  constitute  approval  by  the  Bureau  of  Naval 
Weapons  of  the  findings  or  conclusions  contained  herein.  It  is  published  only  for  the 
exchange  and  stimubtion  of  ideas. 
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R.  F.  Gregoritz* 

By  Direction 
Bureau  of  Naval  Weapons 
Representative/Mishawaka,  Ind. 


SECTION  I 


INTRODUCTION 


The  principle  of  "band-pass", sis  taken  from  electrical  analogy,  was  first  applied  to  shock 
absorbers  by  Mr.  Emanuel  Schnitzer  while  working  for  NACA.  A  paper  was  presented 
explaining  this  principle  -  NACA  Technical  Note  3803  dated  October,  1956,  and  the 
principle  was  further  studied  by  e^qjerimental  test  as  reported  in  NACA  Technical  Note 
4387,  dated  September,  1958. 

The  basic  concept  of  "band-pass"  as  applied  to  a  landing  gear  system  Is  to  provide  a 
shock-absorbing  system  capable  of  satisfactory  performance  under  normal  landing  impact 
operation,  and  at  the  same  time  provide  satisfactory  performance  at  higher  frequency 
impact  such  as  bump  contacts.  The  basic  mechanism  to  achieve  this  aim,  termed  "band¬ 
pass,"  consists  of  a  preloaded  poppet  valve  backed  up  by  a  control  chamber  An  inlet  and 
outlet  bleed  system  on  this  chamber  causes  the  pressure  within  the  chamber  to  vary 
according  to  the  rate  of  fluid  transfer  from  the  main  dynamic  chamber  to  the  upper 
chamber  of  die  strut.  A  high  rate  of  fluid  transfer  causes  the  pressure  to  drop  consider¬ 
ably  below  the  fluid  pressure  within  the  dynamic  chamber,  thus  opening  the  valve.  A  low 
rate  of  fluid  transfer  causes  the  pressure  within  the  control  chamber  to  be  only  slightly 
less  than  that  of  the  dynamic  chamber,  allowing  the  preload  of  the  vaive  to  maintain  it  in 
a  closed  position.  In  summary,  the  principle  of  the  mechanism  is  to  increase  the  fluid 
metering  orifice  size  for  hi^  rates  oi  fluid  transfer  (bump  loading)  while  maintaining 
the  conventional  metered  orifice  for  normal  rates  of  fluid  transfer  such  as  encountered 
in  landing  impact. 

There  are  many  possible  design  approaches  for  "band-pass.''  However,  prior  to  the 
present  program  only  one  was  eiqierimentally  tested  in  a  shock  strut.  As  stated  by 
Mr.  Schnitzer  in  his  report,  the  intent  of  his  test  program  wa.»  to  verify  the  principles, 
and  not  to  optimize  any  one  design.  The  results  obtained  indicated  that  "bandpass"  re¬ 
duced  the  loads  transferred  to  the  support  structure  and  wheel  assembly  from  "bump- 
t3rpe"  impact  loads.  The  test  gear  was  compared  directly  with  the  same  gear  incorporat¬ 
ing  a  conventional  fixed-orifice  design.  It  must  be  pointed  out  however,  that  this  test 
gear  was  a  very  simple  design  and  not  characteristic  of  present-day  high  performance 
fighter  aircraft.  This  indicated  the  need  for  further  engineering  and  analytical  effort  to 
substantiate  the  practicality  of  the  "band-pass"  principle  in  present  and  future  landing 
gear  designs.  Further  tests  were  requir^  to  determine  if  there  were  any  inherent  dis¬ 
advantages  to  the  system  before  consideration  could  be  given  to  Including  it  on  any  pro¬ 
duction  hardware. 
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As  s  result  at  Schnltzer's  work,  a  "band-pass"  modified  i^ock  strut  appeared  attractive 
for  numerous  i^llcations.  Failures  at  wheel  flanges  caused  by  bottoming  of  the  tire 
when  landing  over  the  cable  on  carrier  operation  could  possibly  be  reduced  and  weight 
reduction  realized  with  the  band-pass  modified  shock  stmt,  'i'/ith  faster  telescoping 
velocities,  such  as  encountered  with  bumps,  "band-pass"  might  enable  the  strut  to  absorb 
higher  peak  loads  and  reduce  the  wheel  flange  loadings.  The  spin-up  loads  of  the  gear 
mlfdit  be  reduced  by  the  "band-pass"  action  and  could  result  In  possible  structural  weight 
reduction.  The  nmgnltude  of  this  load  reduction  would  have  to  be  determined  from  a  test 
program  since  there  are  so  many  physical  variables  that  could  alter  Uie  performance. 

"Band-pass"  modified  shock  struts  could  possibly  permit  operation  from  dispersed  sites 
that  have  been  heretofore  Impractical.  This  would  Include  more  liberal  operational  use 
In  choppy  water  and  rougher  terrain  In  the  Arctic.  All  gains  tn  perfornunce  and  versa¬ 
tility  are  dependent  on  the  degree  of  load  redtictlon  and  basic  design  limitations.  Another 
possibility  of  Improvement  would  be  controlled  gear  extension  after  carrier  catapulting. 

A  history  of  failures  have  been  experienced  from  this  type  of  operation  and  the  corrective 
change  results  in  weight  addition. 

It  proper  performance  could  be  realized  with  "bsind-pass,"  ^e  net  result  might  be  weight 
reduction  and  solutions  of  the  problems  mentioned  above.  The  above  Improvements  ws.-e 
all  conjectures  that  the  "band-pass"  design  might  be  completely  successful.  Only  by  a 
thorough  engineering  study  and  development  wr/uld  a  definite  conclusion  be  available. 

The  Bendix  Products  Aerospace  Division  therefort  embarked  upon  a  program  of  study, 
both  theoretical  and  experimental,  to  evaluate  the  ’  band-pass"  modified  shock  strut.  This 
report  will  discuss  the  program  and  the  results  obtained. 
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SECTION  n 


TECHNICAL  DISCUSSION- Me  DONNELL 
F4H-1  MLG  THEORETICAL  STUDIES 


INTRODUCTION 

The  purpose  d  the  afalirtic&l  study  of  the  band-pass  mechanism  as  applied  to  landing 
gear  shock  strut  operation  is  threefold.  The  first  purpose  of  the  study  is  to  provide  a 
means  for  the  rapid  evaluation  d  any  particular  band-pass  shock  strut  configuration.  The 
analytical  s'mulsdion  of  the  band-pass  mechanism  incorporated  into  a  complete  landing 
gear  system  allows  one  to  study  the  dynamic  loads  and  other  performance  criteria  for  a 
variety  d  landing  and  taxiing  conditions. 

Closely  linked  to  this  first  purpose  is  the  second  purpose  of  the  analytical  study,  the 
improvement  In  any  given  design  of  the  bana-pass  shock  strut  mechanism  by  parameter 
adjustment.  Throu^  use  of  the  analytical  simulation,  it  is  possible  to  adjust  any  one  of 
the  system's  parameters  so  as  to  improve  the  performance  for  the  whole  spectrum  of 
landing  conditions. 

The  third  purpose  of  the  analytical  study  is  to  provide  general  design  criteria  by  making 
use  of  performance  data  obtained  for  a  wide  range  of  system  parameter  variaiionc  As 
noted  In  the  original  proposal,  '•oncise  generalized  design  criteria  may  not  be  possible  to 
develop  due  to  the  large  number  of  variables  involved  in  the  system,  but  the  minimum 
results  of  this  study  were  to  be  the  development  of  techniques  for  the  rapid  analytical 
investigatloii  of  any  given  system.  Both  of  tliese  objectives  have  been  achieved.  This 
will  be  discussed  later  in  the  report. 

Discussion  (rf  Band-Pass  Mechanism 

Since  the  problem  to  be  attacked  was  new  in  several  respects,  the  mathematical  model 
used  In  the  analysis  was  fairly  extensive.  Fortunately,  portions  of  the  problem  were 
studied  previously  and  use  was  made  of  results  obtained  In  these  studies  in  the  analysis 
of  the  present  mechanism  and  the  formulation  of  a  suitable  mathematical  model. 

The  landing  gear  system  was  idealized  to  a  three-mass  lumped-mass  system.  The  three 
masses  are; 

1.  The  mass  of  the  weight  supported  by  a  single  gear  (the  main  mass) 

2.  I'nTv  mass  of  the  u  isprung  parts  (the  •nsprung  mass) 


3.  The  effective  fore  and  aft  lumped-mass  at  the  axle. 

Each  of  these  masses  has  a  degree  of  freedom  associated  with  it.  The  vertical  motion 
of  the  main  mass  will  be  designated  as  Zi,  the  vertical  motion  of  the  unsprung  mass  will 
be  designated  as  Z2,  and  the  fore  and  aft  motion  of  the  effective  mass  at  the  ixle  will  be 
designated  as  x.  There  is  also  the  degree  of  freedom  w,  which  is  the  angular  velocity  ctf 
the  tire. 

In  addition  to  the  assumption  of  a  lumped-mass  system,  further  assumptions  include:  the 
assumption  that  the  inclination  of  the  strut  may  be  ignored  fr^r  caster  angles  \q)  to  ten 
degrees,  die  assumption  that  the  bearing  friction  force  is  independent  of  the  relative 
velocity  between  the  bearings  and  their  sliding  surfaces,  the  assumption  diat  the  ic  '  and 
aft  stiffness  of  the  strut  is  independent  of  the  strc^e,  the  assumption  that  the  dynamic' 
effect  of  the  moving -bearing  normal  force  is  insignificant,  the  assumption  that  the  poiy- 
tropic  constant  of  the  air  compression  process  is  constant  and  unity,  the  assumption  that 
the  orifice  discharge  coefficient  of  all  orifices  within  the  system  is  constant,  the  assump¬ 
tion  that  the  fluid  flow  is  turbulent  at  all  times,  and  the  assumption  that  the  highest  modes 
of  motion  of  the  strut  fore  and  aft  motion  do  not  exist.  The  idealization  afforded  by  the 
above  assumptions  has  been  found  to  be  adequate  in  experimental  and  theoretical  studies 
of  the  landing  impact  problem. 

Two  types  of  band-pass  mechanisms  were  considered  initially.  The  first  is  the  complex 
multi -function  system  which  was  built  and  used  in  the  experimental  studies  described  in 
Reference  2.  The  second  is  a  simplified  system  which  performs  only  the  function  of  a 
rate  sensitive  orifice  size. 

Schematics  of  Type  I  and  Type  n  Band- Pass  Mechanisms  along  with  the  mathematical 
models  and  derivation  of  the  equations  of  motion  are  shown  in  Appendix  A. 

Section  3  Program 

The  work  accomplished  'alls  under  the  following  categories: 

1.  Incorporation  of  changes  In  the  mathematical  model  as  specified  in  the 
contract;  namely,  modifications  of  the  model  to  take  into  account  the  pitch 
angle  of  the  'anding  gear  and  airplane 

2.  Changes  in  the  mathematical  model  found  necessary  for  simulation  of  the 
cable  Impact  phenomena;  namely,  modification  of  the  tire  model  ro  one 
having  regions  af  differing  elasticity  and  modification  of  the  bump  contour 
to  simulate  ihe  tire  mode  shape. 

3.  Computer  investigation  of  the  F4H-1  main  landing  gear  system  with  a  band¬ 
pass  unit  for  normal  landing  and  bump  Impact  conditions 

4.  Afialysls  of  computer  results 

5.  Investigation  of  possible  modifications  in  the  F4K-I  main  gear  to  make  it 
adaptable  to  a  band -pass  unit. 
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DISCUSSION 
Gear  Pitch  Angle 


Based  on  previous  experience  the  pitch  angle  of  the  landing  gear  was  assumed  to  be 
consUuit  even  though  fore  and  aft  bending  erf  the  strut  takes  place  during  the  landing  roll. 
This  was  found  previousty  to  be  the  better  of  two  eqxially  complex  mathematical  models 
(eqml  number  Gf  degrees  of  freedom)  approximating  the  actions  of  the  gear.  The  two 
models  are  shown  in  Figure  2-1  along  with  the  pertinent  implications  of  each  model. 


Figure  2-1.  Landing  Gear  Bending  Models 


Tire  Model 


In  addition  to  the  above  modifications,  it  was  felt  that  an  improvement  in  the  tire  model 
was  necessary.  The  model  given  in  tlie  proposal  consisted  of  a  single  nonlinear  elastic 
element.  This  model  has  several  drawbacks.  For  example,  'f  the  tire  comes  imo  contact, 
with  a  bump  of  height  h  and  the  axle  is  forced  to  transverse  a  -straight  line  patch  parallel 
to  the  ground,  the  single  spring  tire  mo^del  develops  a  force  of  f(  6o  +  h)  where  f  is  the 
nonlinear  spring  function  and  io  is  initial  tire  deflection.  However,  in  the  actual 
tiro,  the  force  developed  is  much  less  than  this  quantity  since  the  bump  distorts  far  less 
of  the  footprint  than  a  total  footprint  deflection  of  (h). 

This  deficiency  suggests  an  improvement  in  the  tire  elasticity  model,  K  the  model  is 
made  up  erf  a  series  erf  nonlinear  elastic  elements,  then  for  normal  tire  loading  all  spring 
elements  will  be  deflected,  whiie  for  "bump”  loading  only  the  spring  element  in  the  vicinity 
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oi  the  bun^)  would  be  deflected.  Thus  the  vertic&l  load  developed  for  die  two  cases  would 
be  more  realistic  in  comparison  to  the  actual  tire  load  characteristics. 

A  second  modification,  which  would  also  be  necessary  with  the  single  spring  tire  model, 
is  the  conversicm  of  the  bump  contour  to  an  equivalent  contour  of  equal  hein^t  but  greater 
length  than  the  originsil  bump.  This  is  necessary  in  that  the  tire  deflection  is  not  exactly 
equal  to  the  bump  contour.  Regions  of  the  tire  adjacent  to  the  bump  will  be  deflected  even 
though  no  portion  of  the  bump  is  actually  contacting  them.  This  is  shown  qualitatively  in 
the  figure  below. 
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Figure  2-2.  Actual  and  Appareat  Bump  Shape 


The  combination  of  the  two  features,  m’iltiple  spring  elements  and  effective  bump  contour, 
results  In  a  model  which  describes  the  load  deflection  characteristics  of  the  tire  rather 
well  for  both  the  uniform  tire  deflection  and  the  bunqj  or  localized  tire  deflection. 

The  model  shown  for  the  F4H-1  tire  consisted  of  tliree  spring  elements  located  at  ±  4.25 
inches  from  the  center  and  at  the  center  of  the  tire  footprint.  Experiments  with  the  tire 
were  conducted  to  establish  the  load  deflection  characteristics  of  the  tire  for  uniform  tire 
deflection,  localized  tire  deflection,  and  combinations  of  both.  The  bump  shape  and  spring 
curves  are  shown  in  Figures  2-8  and  2-4.  A  comparison  between  experimental  andmatlie- 
matlcal  model  data  is  shown  in  Figures  2-5  and  2-6. 

Computer  Simulation  Study 

The  F4H-1  main  landing  gear  system  was  simulated  on  a  Berkeley  1100  Analog  Com¬ 
puter.  The  setup  was  su^  that  the  band-pass  unit  could  be  either  wired  into  the  system 
for  formulation  of  the  F4H-i  gear  with  band-pass, or  disconnected  to  simulate  the  standard 
landing  gear  system. 

Preliminary  runs  were  ntade  with  the  standard  system  to  check  th3  computer  simulation 
against  airplane  drop  test  results.  Run  No.207  and  Run  No. 212,  Ref.  McDonnell  Memo  32- 
529, 17  ft, /sec.  and  21  ft  ./sec.,  three -point  landing  drops,  respectively,  were  used  for  com¬ 
parison  with  the  computer  results. 


Figure  2-3.  Bump  Height  Vs. 
Distance  Curve 


Figure  2-5.  Tire  Load-Deflection 
Curves 
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Figure  2-4.  Tire  Force-Deflection 
Curves 
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Figure  2-6.  Tire  loiad -Deflect ion 
Curves 


The  following  percent  differences  in  load-stroke  phenomena  were  obtained: 


Run  No. 

Energy 

% 

Max.  Load 

% 

Max.  Stroke 

H 

Airplane 

Diff. 

Dili. 

laSIlSlui 

ES! 

— 

207 

621,000 

600,000 

8.5 

53,000 

50,000 

5.7 

14.20 

14.85 

D 

212 

905,000 

903,000 

0.2 

78,000 

80,500 

3.2 

15.0 

15.0 

0.0 

It  was  felt  that  the  simulation  was  adequate  and  the  study  of  the  band-pass  unit  was  begun. 


A  total  of  ten  runs  were  made  through  which  it  was  determined  that  the  F4H-1  main  land¬ 
ing  gear  was  not  adaptable  to  the  band-pass  unit.  A  sample  run  (Run  No. 5)  Is  shown  In 
Figure  ?-7.  Specifically  It  was  found  that  the  pressure  signal  to  the  Imnd-pass  unit  lagged 
behind  the  Input  (the  bump  impact  forces)  to  such  a  degree  that  the  1'  upact  would  be  over 
with  before  there  wm  'xny  significant  rise  in  the  dynamic  pressure  of  the  strut.  I’hus  evjn 
when  the  band-pass  unit  opened  fully  there  was  no  reduction  in  imnact  loads. 

Analysis  of  Computer  Simulation  Results 

Thro\:igh  an  analysis  of  the  action  of  the  F4H-1  landing  gear  it  was  determined  that  the 
excessive  lag  in  the  pressure  buildup  was  due  to  the  presence  of  the  high  pressure 
chamber  in  series  with  the  orifice  flow  of  the  strut.  The  hi^  preasura  chamber  of  the 
F4H-1  main  gear  is  a  feature  of  the  gear  viiich  allows  the  gear  to  be  shrunk  for  retraction 
with  relatively  low  loads.  This  is  achieved  by  incorporating  into  the  strut,  in  .addition  to 
a  low  pressure  tJr  chamber  above  ll»c  dynamic  chamber,  a  high  pressure  air  chamber 
below  the  dynamic  chamber  statically  actuated  by  mechanical  contact  with  the  orifice 
support  tube.  This  results,  statically,  in  a  step^  air  curve.  Up  to  fourteen  inches  of 
stroke,  the  static  resistance  of  the  strut  is  relatively  small.  At  foui'teen  inches  of  stroke 
the  hi^  pressure  chamber  becomes  operative  and  diis  chamber  can  support  the  static 
vertical  load  of  the  airplane.  For  retraction,  therefore,  the  gear  can  be  shrunk  approxi¬ 
mately  fourteen  inches  using  low  shrinking  loads. 

Dynamically,  however,  the  chamber  can  be  actuated  by  the  buildup  of  pressure  in  the 
strut.  This  provides  two  flow  paths  for  the  fluid  in  the  dynamic  chamber;  first,  through 
the  orifice  controlled  by  the  metering  pin  and  second,  into  the  volume  made  available  by 
the  piston  stroke  of  the  high  pressure  chamber.  This  type  of  action  results  in  the  time 
lag  previously  mentioned. 

It  can  be  shown  that  the  lag  between  the  maximum  pressure  and  the  bump  force  at  the 
tire  is  given  approximately  by 


for  a  gear  of  the  F4H-1  type  as  long  as 

M  »  k 


i-6 


where 


*iti  =  time  lag 

X  =  wave  length  of  bump  as  seen  by  tire 

V  =  forward  velocity  of  airplane 

M  =  unsprung  mass 

k  =  effective  spring  rate  of  high  pressure  air  chamber 
In  contrast  to  this,  a  conventional  gear  will  have  a  time  lag  approximated  by 

^  [l  -2arcun(^--)] 

where 

c  =  equivalent  viscous  clamping  coefficient  of  metering  pin  and  orifice 
(average  stroking  force  divided  by  average  stroking  velocity) 

Applying  the  above  i  quations  to  the  F4H-1  main  landing  gear  for  a  hypothetical  bump 

m  =  .720  lb. -sec, 2/in. 

X  =  9.0  in. 

V  =  140  mph  =  2460  in. /sec. 
c  =  500  lb. -sec. /in, 

k  =  10,000  lb. /in.  (average  over  2  inches  of  high  pressure  chamber  compression) 

Thus  the  time  between  the  reaching  of  the  maximum  load  on  the  tire  and  the  point  of  maxi¬ 
mum  buildup  in  pressure  is 

1  9.0 

j  = - =  .00183  seconds 

2  2460 


a  conventional  gear  on  the  other  hand  would  have  a  time  lag  of 


- - (1-2  arc  tan  .405) 

4  X  2460 


.it2  =  ,000212  seconds 

The  actions  of  the  two  types  of  gears  are  shown  qualitatively  in  Figures  2  and  2-9. 

The  analysis  of  the  action  indicated  also  that  the  lime  rate  of  change  of  the  pressure  for  a 
uear  of  the  F4H-1  type  would  lag  the  maximum  impact  force  i)y  approximately  2 
while  in  a  conventional  syste  n  the  same  item  would  lead  the  impact  force.  Thus  a  con- 
efiitionai  .system  will  anticipate  high  impact  loads  while  the  F4H-1  system  will  not. 
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Figure  2-8.  Crear  Response 


Figure  2-9.  Gear  Response 


The  expression  for  Ati  was  .checked  against  the  computer  results  and  it  was  found  that 
the  time  lag  on  the  computer  simulation  correlated  well  witli  the  prediction.  For  example, 
the  time  lag  found  in  Run  No. 5  was 


nt  =  .0040  seconds 


The  pertinent  data  for  this  run  is 


X  =  22.5 
V  =  25^i0  in.,  sec. 

Tnus 

jiti  =  -1  ~  =  .0044  seconds 

2  V 


Checking 


m  { 


2  ir  V  ^2 
X~ 


in  conH>aris()n  to  k 


^  ,  36,4  X  10^  lb.  in,. 

A 


W  ..  1 ,0  K  10^  U»,,  m. 


Since  the  spring  rate  is  considerably  below  the  inert  la’  term,  the  time  Ui:  '.h'iui  t  'end 
toward  that  given  by  the  Ati  sxpression-which  it  does. 


The  compiurison  test  (A  the  inertlA  terra  to  the  spring  rste  terra  provides  a  useful  check 
on  whether  or  not  the  compressibility  is  significant  U 

m  (?f  )*  »  k 

Then  the  compressibility  effect  predominates 

k »  m  (”)  , 

then  the  compressibility  effect  it  insignificant. 

It  is  interesting  to  note  that  a  conventional  strut  has  some  fluid  cora4>ressibility  wliich 
wo"!d  tend  to  duplicate  the  action  of  the  F4H-1  hig^  pressure  chamber  if  the  bulk  modulus 
was  too  low.  However,  it  is  seen  that 


kfluid 


Vo 


where 

Ap  X  air  piston  area 

B  *  bulk  modulus  of  fluid 

Vo  "  volume  U  strut  iewsr*  chamber 

For  a  typical  main  gear  these  quantities  are  of  the  following  orders  d  magnitude 

An  -  15  in.2 

B  •  800, (M>0  lb./in.2 

Vq  ■  50  in." 

Thus 

k  »  1.35  X  10®  Ib./ln. 

which  is  considerably  above  the  "Inertia  "  term  magnitude  previously  calculated  as  36.4  x 
IQv  lb. /in.  A  conventional  gear  would  therefore  tend  toward  the  action  predicted  by  the 
expression  for  Atj  which  was  derived  on  the  bases  of  incompressible  orifice  flow  In  the 
strut. 

Modification  d  F4H-1  Main  Gear  and  Model 

For  purpose?  of  the  computer  study  of  band-pass,  it  would  be  possible  to  modify  the 
F<H-J  gear  model  to  do  away  with  the  time  lag  previously  discussed.  Such  a  modification 
if  shown  in  Figure  2-10,  Here  It  is  seen  that  the  motion  of  the  high  pressure  piston  has 
essentially  been  uncoupled  from  the  dynamic  pressure  of  the  strut.  Compression  of  the 
high  pressure  chamber  takes  place  only  when  there  is  mechanical  contact  between  the 
metering  pin  support  tube  and  the  piston  of  the  high  pressure  chamber.  This  type  of  action 
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convert*  the  r4H-l  gear  to  a  conventional  ay  stem  In  net  effect*.  The  high  preesure 
chamber  aimply  cau*e*  a  stepped  air  curve  for  the  strut  while  a  conventional  stmt  ha* 
a  smooth  air  curve  corresponding  approslmalely  to  the  Isothernml  air  compression 
process. 

The  above  modification  would  require  a  redevelonment  (analytically)  uf  the  metering  pm 
since  it  substantially  affects  the  energy  absorbing  characteristics  of  the  gear.  Further¬ 
more.  if  simulation  of  present  airplane-dr'^  characteristics  is  desired,  it  is  possible 
that  several  metering  pins  would  have  to  be  analytically  developed  for  the  monied  gear. 

CONCLUSIONS  AKD  RgCQMMENDATIQNfl 

It  was  conclvuled  from  the  computer  results  that  a  band-pass  unit  will  not  function  proper¬ 
ly  in  the  F4H-1  main  gear.  The  inability  the  band -pass  unit  to  fui  ;tion  was  traced  to 
the  presenrre  of  the  hi|^  pressure  air  chamber  in  series  with  the  strut  orifice  flow. 

Based  on  annlvtlcal  s*  idles  of  a  conventional  system  it  was  concluded  that  a  conventional 
gear  should  oui  have  this  same  difficulty.  The  band-pass  unit  should  be  able  to  anticipate 
the  high  load  from  bump  Irnfmct  due  to  its  sensitivity  to  the  rate  of  pressure  buildup  in  the 
dynamic  pressure  chamber  of  the  strut. 

Based  on  studies  of  the  F4H-1  gear  structure,  it  was  determined  that  mechanical  changes 
in  the  gear  could  be  made  to  eliminate  the  time  lag  effect  of  the  high  pressure  chamber 
Such  changes  would  require  a  "paper"  redesign  of  the  pin  configuration  to  duplicate  air¬ 
plane  characteristics. 

It  was  recommended  that  tne  band-pass  detelcpment  program  be  continued  usutg  another 
more  conventional  landing  gear  system,  such  as  the  A3J-1  or  thr  F9F  main  gear,  rather 
than  a  modified  F4H-1  main  gear.  The  simulation  achieved  In  this  study  was  (eit  to  be 
Sufficient  to  warrant  a  more  extensive  analytical  study  of  Wie  bSLnd-;>a8s  principle,  as 
applied  to  the  landing  gear  shock  strut,  than  that  originally  proposed.  Such  an  extension 
would  allow  the  detailed  study  of  the  loads  transmitted  into  the  wheel  and  unsprung  mass 
by  bump  impact  In  addition  to  the  study  already  proposed  in  which  band-pass  was  to  be 
evaluated  on  only  the  net  Improvement  It  provided  In  the  loads  transmitted  to  the  airframe 
proper.  In  addition  miscellaneous  exploratory  studies  euch  as  that  undertaken  to  improve 
the  tire  mode!,  were  felt  to  be  in  order 
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SECTION  in 


TECHNICAL  DISCUSSION  -  NORTH  AMERICAN 
A3J-1  MLG  THEORETICAL  STUDIES 


The  general  objectives  of  this  phase  of  the  program  were  achieved  by  a  program  com¬ 
bining  pxire  analytical,  experimental,  and  analog  computer  methods,  i*.  summary,  the 
program  was  as  follows: 

1.  Development  of  a  simplified  mathematical  model  of  the  band-pass  mechanism. 

2.  Linearized  study  of  the  above  model. 

3.  Analog  computer  study  of  this  model. 

4.  Tire  nx>del  investigations. 

5.  Study  of  the  complete  landing  gear  system  with  and  without  band- pass  by  analog 
compute:  simulations. 

DEYELQPMSNT  OF  A  SIMPUHED  MATHEMATICAL  MODEL  OF  THE  BAND-PASS 
MECHANISM 

In  Bendix  Report  VP- 1030,  the  model  set  up  to  study  the  band-pass  mechanism  adapted 
to  an  airplane  main  landing  gear  system  consisted  of  a  five-degree  of  freedom  nonlinear 
dynamical  system.  Although  such  a  model  is  necessary  for  detailed  load  and  motion 
determlnatllons.  It  is  not  highly  suitable  to  study  the  details  of  the  band-pass  system 
Itself.  This  is  due  to  two  factors.  First,  the  complexity  of  the  system  makes  it  im¬ 
possible  to  reduce  the  resulting  pressure  build-up  and  associated  motions  to  simple 
expressions  in  which  the  Influence  of  the  band-pass  parameters  is  apparent.  Secondly, 
the  complexity  of  the  system  requires  an  extensive  computer  setup  (approximately 
seventy-five  amplifiers  plus  eleven  function  generators  and  associnted  equipment)  which 
in  turn  requires  considerable  time  and  diligence  to  assure  correct  results.  For  these 
two  reasons,  a  simplified  model  was  sought  to  help  determine  the  influence  of  the 
parameters  associated  with  the  band-pass  mechanism  on  the  output  of  the  system.  The 
output  of  the  system  was  considered  to  consist  of  tire  vertical  load,  dynamic  chamber 
hydraulic  pressure,  main  mass  vertical  acceleration,  etc. 

Since  all  of  these  outputs  were  ultimately  related  to  the  dynamic  chamber  hydraulic 
pressure,  the  first  simplification  in  concept  consisted  of  localizing  the  over-all  effect  of 
the  band-pass  mechanism  to  its  effect  on  the  dynamic  chamber  pressure.  The  second 
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simplification  had  to  do  with  input  to  the  system.  For  the  complete  landing  gear  system, 
the  input  consists  of  an  obstruction  on  the  runway  surface.  Here  again  the  net  effect  of 
this  from  the  standpoint  of  its  effect  on  the  band-pass  system  was  a  sudden  relative 
movement  between  the  outer  cylinder  and  the  piston.  Thus,  the  second  simplification 
consisted  of  reducing  the  input  to  a  sinusoidal  stroke  of  the  shock  strut.  Further  simpli¬ 
fication  was  achieved  by  noting  that  the  incremental  stroke  of  the  shock  strut  during 
bump  impact  was  small,  thus  chai:ige8  in  the  orifice  size  due  to  metering  pin  movement 
would  be  small;  and  changes  in  the  air  pressure  in  the  struts  upper  chamber  would  be 
small  since  this  bs  also  a  function  of  stroke.  Still  further  simplification  was  achieved 
by  noting  that  the  total  bump  impulse  was  small  due  to  its  short  time  duration.  There¬ 
fore,  changes  in  the  main  mass'  motion  during  bump  impact  would  be  small.  Thus  the 
feedback  from  the  dynamic  strut  pressure  to  the  main  mass'  motion  could  be  eliminated. 

These  simplifications  result  in  the  i  eduction  of  the  system  to  that  of  a  single  degree  of 
freedom.  Although  some  of  the  simplifications  are  broad,  they  are  based  on  both  the 
initial  band-pass  studies  of  the  F4H-1  main  gear,  and  on  experimental  experience  on 
main-gear  drop  tests.  With  reasonable  stroke  input,  the  results  of  the  simplified  study 
from  the  standpoint  of  the  band-pass  parameter  effects  agree  very  well  with  later  studies 
using  the  complete  five-degree  of  freedom  system. 

A  schematic  of  the  band-pass  mechanism  is  shown  in  Figure  3-lA.  Figure  3-lB  is  a 
free  body  diagram  of  the  simplified  system.  The  simplifications  mentioned  above  are 
reflected  in  the  motions  and  pressures  shown  in  the  free  body  diagram. 

The  fluid  flow  from  ihe  dynamic  chamber  takes  place  through  three  areas.  The  first  is 
tne  main  metering  orifice,  the  second  is  through  the  inlet  to  the  band-pass  control 
chamber,  and  the  third  is  the  variable  valve  area  opened  by  the  stroke  of  the  band-pass; 
plunger.  Volume  is  gained  in  the  dynamic  chamber  by  both  the  fluid  compression  and  by 
the  upward  movement  of  the  band-pass  control  plunger.  The  continuity  equation  is 
therefore 
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The  term  f d  Is  to  account  for  a  relief  valve,  to  allow  free  flow  into 

V  r 

the  dynamic  chamber,  when  P2  becomes  greater  than  Pj.  For  bump  impact  during  land¬ 
ing  impact,  Pj  is  considerably  greater  than  P2  at  all  times  so  that  this  term  is  zero 
and  does  not  enter  into  the  problem.  It  should  also  be  noted  that  the  square  root  notation 
used  above  is  shorthand  for  the  Inverted  square  root  function  and  should  be  interpreted 
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Figure  3-1.  Schematics  and  Free  Body  Diagram  Low  Pass  Hydraulic  Band-Pass  Filter 

Installed  in  Main  Landing  Gear  Shock  Strut 


The  compatibility  of  the  flow  into  and  out  of  the  band-paas  control  chamber  is  defini<i  by 
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The  summation  of  forces  acting  on  the  band-pass  valve  plunger  is  given  by 


(3) 


Where  R  is  the  spring  preload  of  the  control  chamber  spring.  It  should  be  noted  that 
must  be  connidered  nonlinear  to  account  for  plunger  valve  bottoming.  This  is  accom¬ 
plished  by  conaiderhig  Kg  as  very  large  for  positive  (Zj  -  Z3)  and  the  normal  spring 
rate  for  negative  (Zj  -  Z3). 


With  the  simplifications  mentioned  previously  these  equations  reduce  to 
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and  the  equation  of  motion  ol  the  valve  plunger  becomes 


(6) 


Equations  (4),  (5),  and  (6)  constitute  the  equations  of  motion  of  the  simplified  model  of  the 
band-pass  mechanism.  Usii^g  the  above  equations,  two  studies  were  conducted.  The 
first  consisted  of  the  linearization  of  the  above  equations  to  as  to  reduce  them  to  being 
amenable  to  analytic  solution.  The  second  study  conelsted  of  the  analog  computer 
solution  of  the  equations.  The  linearized  solution  is  covered  in  Bendix  Report  No, 
SH-61-2,  and  only  the  results  will  be  covered  here. 
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The  null  pressures  are  the  pressures  obtained  for  a  fixed  value  of  Zj  and  ^3 
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are  zero.  These  constitute  the  pressures  about  which  perturbations  caused  by  the  nujtiou 
of  the  band-pass  valve  take  place.  The  most  important  of  these  null  pressures  is 
(Pi  -  P3)^  which  determines  the  unt  of  preload  necessary  to  pre/ent  opening  of  the 
valve  for  normal  landing  impact  stioke  velocities.  This  pressure  also  differentiates  the 
hydraulic  band-pass  filter  from  a  normal  poppet  valve.  A  normal  poppet  valve  would  be 
acted  upon  only  by  the  pressure  Pi.  The  band-pass  valve  will  remain  closed  even 
though  Pi  exceeds  the  preload  of  the  valve  since  the  pressure  P3  counteracts  the  Pj 
pressure.  The  null  Pi  -  P3  pressure  is  given  by 
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The  null  Pi  -  P2  pressure  is  given  by 
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The  time  solution  for  the  dynamic  chamber  pressure  is  given  by 
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where 

fi  ■  mass  density  of  hvdraulir 
AZ2=  perturbation  in  stroke  inpui 
w  ■  frequency  of  half  sine  bump  input 


The  remaining  constants  depend  on  the  roots  of  the  characterise,  c  equation  and  the  roots 
of  the  cubic  numerator  M  the  ^  Pj  transfer  function. 
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The  roots  of  the  charsicteriatlc  equation  must  be  computed.  For  systems  similar  to 
that  investigated,  the  roots  of  the  characteristic  equation  will  consist  of  two  real  roots 
and  one  set  of  complex  conjugates.  These  roots  are  denoted  as 
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The  cubic  numerator  is 
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The  roots  of  this  equation  are 
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In  terms  of  the  above  constants  and  roots, 7,^  thru^Qare  defined  as  follows 
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The  valve  movement  is  given  by 
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As  an  example  of  the  application  of  the  above  equations,  a  comparison  between  analog 
computer  results  and  the  results  calculated  from  the  linearized  solution  is  shown  in 
Figure  3-2.  The  linearized  results  shown  in  this  figure  are  based  on  Equation  (9)  with 
high  frequency  terms  dropped.  This  *8  discussed  in  more  detail  in  the  report  covering 
the  linearized  study. 

ANALOG  COMPUTER  STUDY  OF  SIMPUnFJD  MODEL 

A  series  of  studies  on  an  analog  computer  were  carried  out  using  the  simplified  model 
of  the  band-pass  shock  strut.  The  procedure  used  In  this  study  was  to  prescribe  to  Z,^ 
a  steady  velocity  simulating  the  stroke  velocity  of  the  strut  during  landing  impact,  plus 
a  half-wave  sinusoidal  displacement  simulating  the  additional  stroke  occuring  during 
simultaneous  landing  and  bump  impact.  The  magnitude  of  the  stroke  was  determined  on 
a  somewhst  empirical  basis.  It  was  first  determined  that  a  full  one-and-one-half 
inches  of  half-wave  sinusoidal  stroke  would  result  in  unrealistically  large  loads.  This 
is.  of  course,  to  be  expected  since  the  gear  stroke  caused  uy  bump  impact  is  reduced 
in  the  actual  gear  by  both  the  wheel  and  tire  deformation,  and  by  the  slight  upward 
movement  of  the  ..  ain  mass.  It  was  known  from  the  original  studies  on  the  F4H-1  gear 
that  a  severe  1  uirp  impact  would  raise  the  internal  pressure  of  the  strut  alx)ut  15 
percent  over  the  pressure  obtained  in  a  limit  drop.  Using  thi.s  concept  plus  data  from 
A3J-1  main  gear  drop  tests  conducted  at  Bendix  (Ref.  4),  a  realistic  sinusoidal  stroke 
was  obtained  as  an  input  to  the  system. 

The  steady  strut-stroke  velocity  was  selected  to  duplicate  dynamic  chamber  pressures 
obtained  during  the  same  limit  drops  for  a  main  metering  orifice  area  equal  to  the 
average  area  in  th.  total  stroke.  The  combination  of  orifice  area  and  steady-stroke 
velocity  was  la'er  varied  in  the  parameter  variation  studies. 

Nominal  data  for  the  study  was  as  follows 

=  .45  in.  2 

A,,>)  »  .001  in.^ 

A, -,3  =  010  in.  ^ 
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Api  a  20.428  in.  2 
Ap3  »  .785  in. 2 
ay  =  10  in.  ^  in. 

b  =  value?  !o  yield  10  percent  critically  damped  system 
k  =100  lb.  in. 

M3  =  .00035  lb.  sec.  2  in 
R  =  100  U). 

Vpi  =  200  in. 3 
Vp3  •  3.0, n.3 

7.2  =125  in.  sec.  (steady  stroke  velocity) 

Z2  =  .141  >r.. 


The  results  of  this  study  are  shown  in  Figures  3-3  thru  3-8,  Figure  3-3  shows  the 
analog  computer  time  solutions  for  the  nominal  case  given  above  Figures  3-4  and  3-5 
are  two  runs  tor  which  the  valve  motion  became  unstable  and  are  discussed  below  in  the 
parameter  variations  discussion.  Figures  3-6,  3-7,  and  3-8  are  results  of  ♦he  parameter 
variation  study  in  terms  of  the  maximum  pressure  rise  caused  by  the  bump  impact  and 
the  maximum  valve  stroke. 

Figure  3-6A  shows  the  effect  of  volume  changes  in  the  dynamic  chamber  of  the  shuck 
strut.  Here  It  can  be  seen  that  the  net  pressure  rise  c.''‘.,sed  by  the  bump  impaci  is 
insensitive  to  volume  changes.  However,  the  plunger  valve  stroke  is  influenceii  -- 
dropping  off  as  ♦he  volume  of  the  dynamic  chamber  is  increased.  At  first  the  results 
appear  to  be  contradictory.  That  is,  with  decreasovf  stroke,  it  would  seem  that  the 
incremental  pressure  rise  should  increase  since  there  is  less  opening  of  the  orifice  area 
betwettn  the  dynamic  chamber  and  air  chamber  of  the  strut.  However,  it  is  to  he  noteu 
that  an  i.ucrea^e  .n  volume  also  corresponds  to  a  drv)p-off  in  tne  spring  rate  ♦  the  fluid 
so  that  there  is  a  larger  shock-absc-bing  capability  in  the  'hoid.  Thi.s  counterbalan.  es 
the  lowered  orifice  resistance  caused  by  the  larger  orifice  opening.  The  over-:*!!  eifect 
of  volume  change  is  an  important  aspect  of  the  paramtHer  variation  study  .‘.ince  the  fluid 
volume  of  the  dynamic  chamber  does  vary  with  stroke.  The  valve  instability  found  at  the 
lower  dynamic  chamber  volumes  put  a  nerious  limitation  or.  the  other  parameter  1  lae 
band-;>as.s  unit.  For  e-xample.  It  can  be  seen  that  an  impro'  ement  In  the  total  pret>C’.:re 
rise  could  be  gained  by  redurin*!  the  outlet  tinlice  area  and  tti  *  inlet  orifice  area  down  to 
perhaps  6  x  10*^  in.  2  and  g  x  10*3  m  2,  ropectively.  However,  this  also  would  lead  to 
a  marginally  s’abie  system  for  the  nomlna:  dynamic  chambtr  vwlume  of  2C0  in. 3. 

Fvirlher.  tl  would  lead  'u  a  highly  unstable  vaho  motion  when  the  strut  was  compressed 

(text  continurtd  >11  page  3- 1”) 
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Figure  3-2.  Comparison  of  Results  of  Linean/t'd  Studv  ano  Ana 


Figure  3-3.  Computer  Results  Simplified  Model  Nominal  Case 
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50  In/Sec 


Figure  3-6.  Parameter  Variation  Studies  Simplified  Band-Pass  Shock  Strut  Model 

Analog  Computer  Solutions 


to  any  volume  below  --  say  150  in. 3.  Since  such  reduced  volume  on  the  dynamic  chamber 
does  take  place  in  actual  gear  operation,  it  limits  the  amount  of  improvement  that  can  be 
made  by  any  other  parameter  variations  which  improve  the  net  pressure  rise  in  the 
strut  during  impact  and,  at  the  same  time,  results  in  a  marginally  stable  valve. 

To  illustrate  the  general  nature  of  the  instability  encountered  with  reduced  dynamic 
chamber  volume,  the  computer  time  solution  for  the  case  marked  unstable  in  Figure 
3-6A  is  shown  in  Figure  3-4, 

The  second  parameter  variation  study  was  carried  out  to  find  the  effect  of  changes  in 
the  main  orifice  area  which  in  the  actual  strut  would  vary  due  to  the  variable  area  of 
the  metering  pin.  The  results  of  this  study  are  shown  in  Figure  3-6B.  Since  the  pin  is 
designed  to  yield  high  efficiency  in  the  load  stroke  curve,  low  areas  will,  in  general, 
correspond  to  low  stroke  velocities  and  large  orifice  areas  to  higher  stroke  velocities. 

For  this  reason,  the  stroke  velocity  was  varied  along  with  the  orifice  area  to  maintain 
a  near  constant  null  pressure  and  thus  simulate  normal  landing  Impact  conditions. 

The  variations  in  the  stroke  velocity  for  each  particular  orifice  area  are  noted  in 
Figure  3-6B. 

From  Figure  3-6B  it  can  be  seen  that  the  net  pressure  rise  a.  d  valve  stroke  are  rela¬ 
tively  insensitive  to  the  main  orifice  area.  A  design  based  on  average  orifice  area  and 
average  piston  stroke  velocity  should,  therefore,  accommodate  the  whole  range  of 
stroke  velocities  and  orifice  areas  encountered  in  going  from  an  extended  to  a  compress¬ 
ed  shock  strut,  providing  cognizance  is  taken  of  the  critical  stability  condition  encountered 
with  the  low  dynamic  chamber  volume  assuciated  wltn  the  compressed  and  near  com¬ 
pressed  shock  strut. 

The  effect  of  plunger  valve  mass  is  shown  in  Figure  3-6C.  Here  it  can  be  seen  that  the 
incremental  pressure  rise  and  the  valve  stroke  are  relatively  insensitive  to  the  plunger 
mass.  Some  slight  Improvement  could  be  made  over  the  nominal  case  by  an  increase 
of  the  mass  to  the  vicinity  of  7  x  10*3  *5.  sec, 2  in.  which  appears  to  be  a  minimum 
point  on  the  dpj  function.  The  relative  Insensitivity  of  the  output  on  the  valve  mass 
allows  considerable  latitude  on  its  design  and,  if  necessary,  it  could  be  designed  by 
strength  and  size  considerations  without  appreciably  affecting  the  output  of  the  band-pass 
unit.  This  is  true  over  a  limited  range  of  mass  values.  Figures  3'9A  and  3-9B  show  the 
computer  time  solutions  for  the  two  extreme  mass  values,  1  x  10*3  and  15  \  10*3  lb. 
sec.*  in.,  respectively.  Here  It  can  be  seen  that  the  smallest  mass  value  is  tending  to¬ 
ward  valve  instability  although  the  slight  valve  flutter  is  not  yet  large  enough  to  be 
reflected  in  the  pressure  and  is  only  evidenced  in  the  differential  pressure  across 
the  valve  area  (Pi  -  P3).  The  largest  mass  value  results  in  a  quite  stable  valve  but  it 
can  be  seen  that  tns  time  delay  between  the  beginning  of  strut  sinusoidal  stroke  and 
plunger  valve  movement  has  increased  slightly.  A  careful  measurement  on  the  records 
indicated  a  time  delay  approximately  15  percent  greater  than  the  time  delay  found  with 
•malleet  maae.  The  valve  stroke  is  also  less  abrupt  for  t.,e  large  mass  caee.  The 
email  maae  case  has  practically  a  step  on  the  valve  stroke,  while  the  large  maee  caee 
builda  up  to  ite  maximum  stroke  in  practically  a  sinusoidal  faahion 

It  can  be  se«i  that  there  are  limitations  on  the  mass  of  the  plunger  valve  in  both  the 
high  and  low  directions.  Low  maee  values  tend  toward  inttability,  whereas  high  mast. 
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values  tend  toward  sluggish  valve  motion  (although  the  maximum  mass  studied  still  gave 
sufficiently  small  time  delay  between  the  beginning  of  piston  stroke  input  and  the  be¬ 
ginning  of  plunger  valve  stroke).  The  natural  frequency  of  the  plunger  valve  should  be 
well  above  the  range  of  input  frequencies  resulting  from  bump  impact.  The  frequency 
of  the  valve's  motion  can  be  determined  from  the  mass  and  the  compressibility  of  the 
fluid  in  the  band-pass  control  chamber.  This  is  discussed  below. 

The  fourth  item  considered  in  the  parameter  variation  studies  was  the  effect  of  the 
control  chamber  spring  rate.  Here  ti>e  preload  was  kept  constant  at  100  pounds  while 
the  spring  rate  was  varied  from  50  to  250  pounds  per  inch.  The  results  of  this  study 
are  shown  in  Figure  3-6D.  Here  it  can  be  seen  that  the  spring  rate  had  no  effect  whatso¬ 
ever  on  either  the  incremental  pressure  rise  or  the  plunger  valve  stroke.  The  four 
computer  time  plots  further  showed  that  there  was  practicadly  no  chamge  in  amy  of  the 
other  phenomena  such  as  the  variation  of  plunger  position  with  time  or  the  variation  of 
the  pressure  on  the  strut  dynamic  chamber  with  time.  Surprisingly,  the  frequency  of 
the  transient  valve  motion  showed  only  a  very  slight  increase  (on  the  order  to  5  percent) 
in  going  from  the  50  pound  per  inch  rate  to  the  250  pound  per  inch  rate.  If  the  frequency 
of  the  valve's  motion  were  determined  by  the  spring  rate  of  the  control  chamber  spring 
and  the  mass  of  the  plunger  valve,  such  a  chamge  in  spring  rate  would  result  in  a  224 
percent  increase  in  frequency.  The  spring  rate  of  the  control  chamber  spring  plays 
only  a  small  paurt  in  the  value  of  the  natural  frequency  of  the  valve's  motion. 

The  natural  frequency  of  the  valve's  motion  is  determined  almost  entirely  by  the  com¬ 
pressibility  of  the  fluid  in  the  control  chamber,  the  volume  of  that  chamber,  the  vadve, 
and  the  vadve  mass.  The  natural  frequency  is  given  by. 


Since  KV  is  smadl  in  comparison  to  BAps^the  effect  of  the  spring  rate  is  negligible. 

This  fact  is  convenient  since  it  simplifies  the  problem  of  spring  design  to  that  of  obtain¬ 
ing  the  correct  preloaul.  Within  practical  ranges,  rate  ham  no  effect  on  the  performance 
of  the  bamd-pass  system. 

At  this  point,  it  is  appropriate  to  discuss  the  problem  of  vadve  in8tai>ility  since  it  is 
related  to  the  action  of  the  fluid  in  the  bamd-pams  control  chamber.  The  whole  action  of 
the  bamd-pass  system  depends  upon  a  rather  delicaUe  pressure  badance  between  the  *’ 
dynamic  chamber  of  the  shock  strut  and  the  control  chamber  of  the  band-pauts  mechanism. 
The  delicate  nature  of  this  badance  is  apparent  when  it  is  noted  that  pressure  differences 
on  the  order  of  120  pel  aire  sufficient  to  opm  the  bamd-pass  unit  while  normal  dynamic 
chamber  pressures  are  in  the  vicinity  of  4000  psi  for  a  20  ft./sec.  lamding  impact.  Thus, 
only  a  3  percent  variation  in  the  P3  pressure  can  upset  the  badance  and  either  open  the 
bamd-pams  unit  fully  or  close  it  completely,  depending  upon  the  direction  of  the  vsuriadion. 
In  order  to  madntadn  P3  close  to  Pj,  amd  at  the  same  time  not  allow  the  leaduge  of  fluid 
through  the  control  chamber  orifices  to  reduce  P^  excessively  during  normad  landing 
Impact,  the  ratio  between  the  inlet  orifice  and  the  outlet  orifice  must  be  laurge  amd  the 
outlet  orifice  mxist  be  very  small. 


3-18 


During  bump  impact,  therefore,  the  increased  flow  into  the  control  chamber  and  the 
flow  incurred  due  to  the  upward  movement  of  the  plunger  valve  is  not  accommodated  by 
the  small  outlet  orifice  and  the  fluid  simply  compresses  slightly.  Once  the  plunger  has 
reached  its  maximum  upward  movement,  the  fluid  begins  to  expand  and  sends  the 
piston  downward  and,  in  severe  instability,  may  completely  close.  The  cycle  then 
repeats  Itself  until  an  equilibrium  position  is  found  by  the  phinger  valve. 

The  valve  instability  is  heightened  by  several  factors.  First,  if  the  inlet  orifice  to  the 
band-pass  unit  is  small,  the  drop-off  of  P3  pressure  with  increased  stroke  due  to  bump 
impact  is  excessive.  The  valve  movement  is  thus  accelerated  ^00  rapidly  and  the 
result  is  excessive  overshoot  of  both  the  Pj  -  P3  pressure  and  the  valve  movement. 

A  small  volume  of  fluid  in  the  dynamic  chamber  of  the  strut  also  leads  to  instability 
since  with  low  fluid  volume  there  is  little  cushioning  of  the  mput  to  the  band-pass 
mechanism  between  the  shock  strut  piston  and  the  orifice  plat-'.  That  is,  there  is  greater 
fluid  flow  into  the  band -pass  control  chamber  due  to  the  smaller  amount  of  fluid  com¬ 
pression  in  the  otrut  dynamic  chamber  with  low  dynamic  chamber  volume. 


A  third  factor  heightening  the  instability  is  a  smsdl  value  of  Aq^  (the  control  chamber 
outlet  orifice  area).  This  is  due  to  the  fact  that  with  small  outlet  flow,  fluid  compression 
is  increased.  High  values  of  valve  gain  and  the  rate  of  orifice  area  Increase  with  valve 
stroke  also  lead  to  a  more  unstable  system.  With  Increased  valve  gain,  a  given  amount 
of  valve  movement  will  cause  larger  pressure  fluctuations  in  the  dynamic  chamber  and 
therefore  in  the  control  chamber.  Increased  pressure  fluctuations  in  turn  ref.ult  in  a 
longer  time  for  the  valve  to  reacn  its  equilibrium. 

These  are  the  physical  reasons  for  the  instability  of  the  valve.  It  is  unfortunate,  but 
also  typical,  that  most  of  the  parameter  extremes  which  cause  instability  also  Improve 
the  valve  performance  from  the  standpoint  of  reduced  incremental  pressure  rise  in 
the  strut's  dynamic  chamber.  This  is  true  within  limits  since  severe  instability  will 
bring  about  a  rapid  reclosing  of  the  valve,  thus  increasing  the  incremental  pressure 
rise.  The  instability  brings  into  play  another  consideration  in  valve  design.  The  valve 
cannot  be  designed  exclusively  by  that  combination  of  parameters  which  brings  about  a 
minimum  pressure  rise  In  the  dynamic  cnamber  (minimum  load  transferred  to  the  main 
mass  of  the  airplane). 

Returning  to  the  parameter  variation  studies,  the  fifth  item  considered  was  the  valve 
preload.  Valves  were  studied  where  the  preload  ranged  from  35  pel  to  200  pel.  The 
results  of  this  study  are  shown  in  Figure  3-7A. 

The  lowest  value  of  preload  shown  in  Figure  3-7A  corresponds  to  the  null  (Pi  -  P3) 
pressure  differentia*  for  the  steady  stroke  velocity  of  125  in.  sec  Preloads  oelow  thl" 
value  will  result  in  the  valve  opening  during  the  landing  Impact,  thus  preventing  the 
shock  strut  from  absorbing  the  landing  .mpact  energy. 

It  can  be  seen  that  valve  preload  has  a  large  influence  on  the  pressure  rise  during 
bump  Impact.  The  preload  should  be  designed  as  close  as  possible  to  uhe  maximum  null 
(?!  '  differential  expected  during  landing  impact.  Since  maximum  expected 

stroke  velocities  car.  bs  prsdlctsd,  and  since  the  orifice  area  ve.  stroke  if  known,  the 
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(Pj  ■  P3)  pressure  differential  can  be  calculated  from  Equation  (7)  for  the  band-pass 
design. 

The  sixth  item  considered  was  the  orifice  area  ratio  Aq3/Ao2-  The  results  of  this 
study  are  shown  in  Figure  3-7B.  It  can  be  noted  that  the  value  of  A03/A02  affects  the 
null  (Pj  -  P3)  pressure  (see  Equation  7)  and  that  it  is  necessary  to  vary  the  preload 
in  addition  to  the  inlet-to-outlet  orifice  area  ratio  to  obtain  results  which  can  be 
compared. 

Figure  3-7B  indicates  that  a  low  value  of  Aq3/Aq2  Is  desirable  to  obtain  a  low  pressure 
rise  in  the  strut’s  dynamic  chamber  during  bump  impact,  but  two  other  considerations 
come  into  play  which  limit  the  amount  this  ratio  can  be  reduced.  The  first  is  the 
stability  of  the  valve's  motion.  Pressure  improvement  can  be  obtained  by  a  reduction  in 
Aq3  and  Aq2  simultaneously,  or  by  holding  Ao2  fixed  and  reducing  Aq3  but  not  by  in¬ 
creasing  Aq2*  Reduction  in  Aq3  heightened  the  instability  as  noted  previously.  The 
second  factor  is  preload.  Decreasing  the  ratio  Aq3/Ap2  increases  the  preload  necessary 
to  maintain  the  valve  closed  for  normal  landing  impact.  High  preload  presents  a  design 
problem  due  to  space  and  area  limitations  within  the  control  chamber. 

The  seventh  item  considered  was  the  control  chamber  outlet  orifice  area  Ap*-  The 
results  of  this  study  are  illustrated  in  Figure  3-7C.  The  ratio  Aq3/Ap2  neld  fixed 
in  this  study  so  that  the  nominal  preload  of  100  pounds  applies  for** ea^  case.  Figure 
3-7C  shows  that  a  decrease  in  Ap2  decreases  the  pressure  rise  in  the  strut  dynamic 
chamber  during  bump  impact.  However,  this  also  leads  to  valve  instability.  The  marked 
instability  of  the  valve  motion  when  i^3/Ao2  is  reduced  to  .000143  in. 2  is  indicated  by 
the  computer  time  solution  shown  in  Figure  3-5. 

The  eighth  item  considered  in  the  parameter  variation  study  was  the  valve  cross- 
sectional  area  Ap3.  The  results  of  this  study  (See  Figure  3-7D)  indicate  some  improve¬ 
ment  on  the  dynamic  chamber  pressure  rise  with  reduced  area.  This  was  due  to  the 
reduction  in  the  spring  rate  of  the  fluid  compression  of  the  control  chamber,  which 
allowed  larger  motion  of  the  plunger  valve  for  a  given  input.  A  larger  overshoot  of  the 
(Pi  -  P3)  pressure  differential  was  noted  with  the  reduced  area,  but  no  appreciable  chaise 
in  stability  (number  of  cycles  of  transient  valve  motion)  was  noted  in  going  from  the  two 
extremes  of  .5  and  1.5  in.  2  on  Ap3.  This  is  mentioned  because  later  studies  with  the 
complete  landing  gear  system  showed  marked  instability  in  the  valve  motion  for  the 
reduced  Ap3  when  the  volume  of  the  dynamic  chamber  was  at  near  minimum.  A  similar 
result  was  obtained  with  increased  V3.  An  increase  in  V,  is  similar  to  a  decrease  in 
Ap3  in  that  it  also  decreases  the  spring  rate  of  the  fluid  column  in  the  band-pass  control 
chamber. 

The  ninth  item  considered  in  the  parameter  variation  study  was  the  effect  of  the  valve 
gain  --  valve  gain  being  defined  as  the  rate  of  orifice  area  Increase  with  plunger  valve 
stroke.  The  results  of  this  study  are  shown  in  Figure  3-8.  Decreased  valve  gain 
causes  a  rise  in  the  pressure  in  the  strut  dynamic  chamber  simply  because  it  decreases 
the  amount  of  area  increase  between  the  strut's  dynamic  chamber  and  the  air  chamber. 
Increased  valve  gain,  while  decreasing  the  pressure  rise  in  the  dynamic  chamber  of  the 
strut,  tends  toward  unstable  valve  operat;on  for  reasons  previously  discussed.  Maximum 
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Figures  3-7.  Parameter  Variation  I  tudies  Simplified  Band-Pass  Shock  Strut  Model; 

Analog  Computer  Solutions 
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-igur?  3-9.  Parameter  Variations  Stuaiee  Simplified  Band- Pass  Shcxk  Strut 

Model  Analog  Comp>Her  Solution# 


allowable  valve  gain  appears  to  be  in  the  vicinity  of  10  in,2/ln.  Such  a  gain  would  result 

in  marginal  stability  for  the  low  dynamic  chamber  volume  «rcountered  in  the  com¬ 
pressed  or  near-compressed  strut  condition. 

SUMMARY  AND  CONCLUSIONS  FROM  STUDIES  OF  SIMPUFIED  BAND-PASS  SHOCK 

STRUT  MODEL 

1.  The  optimum  set  of  values  for  the  parameters  associated  with  the  band-pass 
mechanism  is  controlled  by  the  Interaction  of  three  factors:  first,  the  pressure 
rise  in  the  dynamic  chamber  of  the  shock  strut,  or  equivalently,  the  load  trans¬ 
mitted  to  the  main  mass  of  the  airframe;  second,  the  valve  stability;  and  third, 
size  and  space  limitations  imposed  by  the  dimensions  of  the  shock  strut. 

2.  The  performance  of  the  band-pass  mechanism  is  relatively  insensitive  to  main 
orifice  area,  plunger  mass,  and  the  spring  rate  of  the  control  chamber  spring. 

For  th^  system  in  question,  the  optimum  mass  appears  to  be  7  x  10-3  ib.  sec.3/in. 
but  variations  from  2  to  11  lb.  sec.  Vin.  could  be  taken  without  appreciably  affect¬ 
ing  the  performance  of  the  valve.  Spring  rate  has  practically  no  effect  on  valve 
performance  and  the  spring  can  be  designed  on  a  preload  basis  only. 

3.  Low  dynamic  chamber  volume  results  in  valve  instability.  The  valve  should  be 
designed  on  the  basis  of  the  minimum  volume  of  the  strut's  dynamic  chamber. 

4.  The  inlet  to  outlet  orifice  area  ratio  of  the  band-pass  control  chamber  should  be 
as  low  as  possible,  but  not  so  low  as  to  lead  to  instability  or  excessively  large 
required  preload.  A  balance  of  factors  yields  a  value  between  8  and  10  for  this 
ratio. 

5.  Control  chamber  spring  preload  (R)  should  be  made  as  close  as  possille  to  the 
maximum  (P^  -  P^)  pressure  differential  times  the  valve  area  Apj.  The  present 
design  requires  a  preload  of  50  lbs.  or  more  to  preclude  opening  of  the  viilve  on 
a  limit  drop.  Excessive  preload  reduces  the  effectiveness  of  the  band-pass 
mechanism. 

6.  The  outlet  orifice  area  should  be  made  as  small  as  possible,  but  not  so  small 
as  to  result  in  valve  instability.  For  Aq3/Ao2  ratio  of  10  the  Aq2  orifice  area 
could  possibly  be  reduced  as  low  as  7.5  x  10-4  in.*  but  for  Aq3/Aq2  reduced  to 

Aq2  could  only  be  reduced  to  10  x  10~^  in.  3.  Further  reducuon  would  result 
in  valve  instability. 

7.  Valve  area  should  be  designed  low.  (Later  studies  show  that  lowering  this 
quantity  tends  toward  instability  In  the  near-compressed  strut,  as  does  an  In¬ 
crease  in  the  control  chamber  volume.)  The  nominal  value  of  .785  in. 3 
appears  to  be  near  optimum. 

8.  Valve  gain  should  be  as  high  as  possible  without  resulting  In  Instability.  A  value  of 
between  10  and  11  in.3/ln.  appears  to  be  near  maximum  for  the  present  configura¬ 
tion. 
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9,  With  a  band- pass  mechanism  designed  by  the  latter  criteria,  a  reduction  of 
approximately  50  percent  in  the  magnitude  of  bump  impact  loads  transmitted  to 
the  airframe  during  simultaneous  landing  impact  and  bump  impact  could  be 
achieved.  The  maximum  pressure  rise  in  the  impact  considered  in  the  simpli¬ 
fied  analysis  was  2400  p-^i  during  impcct  without  a  band-pass  unit,  while  with  a 
band-pass  unit  the  load  was  reduced  to  1200  psi. 

MATHEMATICAL  MODEL  OF  COMPLETE  LANDING  GEAR  SYSTEM  WITH  BAND-PASi:; 

Free  body  diagrams  of  the  complete  landing  gear  system  are  shown  in  Figure  3-10. 

The  summation  of  fo-cea  in  the  vertical  direction  on  the  main  mass  gives 


(13) 


where 


Mj  »  r'ain  mass  supported  by  one  landing  gear 
FIj  »  lift  force  on  main  mass 

Pi  =  gage  pressure  within  dynamic  chamber  oi  shock  strut 

?2  *  pressure  within  air  chamber  of  shock  strut 

F/  c  frieticn  drag  between  piston  and  outer  cylir  ier  of  the  shock  strut 

Api  a  area  encompassed  in  I  D.  of  piston 

Api  »  A,.j  less  the  cross- sectioriiil  area  of  the  orifice  support  tube 

Ap2  «  a’^ea  encomkiassed  In  I.D.  of  outer  cylinder  less  the  cross- 

sectional  uxea  of  the  ^rifice  support  tube 
Apg  s  area  between  inner  and  outer  cylinder 
A^  n  cross-soctlonal  area  of  piston  walls  at  upper  bearing  point 

Oq  -  inclination  of  gear  (positive  as  shown  in  Figure  3-10) 


The  summation  of  forces  in  the  vertical  direction  on  the  piston  yields 


^ -t-  Fv 


'  a- 


-  A  .  ..  t 


(14) 


since  (15; 

then  equation  (14)  can  be  written  as 


A 


(16) 


where  m2 

lUA 

Mp 


mass  of  shock  strut  piston  and  associated  parts 
mass  of  'vkeel,  brake,  tire  ana  associated  parts 
(mo  cos^c^) 

(mj  i-  m^) 
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Fyi  =  venical  (to  ground)  load  on  piston 
Fy  »  vertical  load  on  tire 

The  pressure  P,  results  from  the  compression  of  the  air  in  the  shock  strut  air  chamber 
and  is  a  function  of  the  stroke,  {Z\  ~  Z2). 


(17) 


Considering  the  free  body  diagram  of  the  shock  strut  piston,  the  summation  of  moments 
about  point  (A)  yields 


c'<r. 


I 


K 


(18) 


where 


M  =  coefficient  of  friction  between  outer  cylinder  and  piston 
Nj  =  normal  load  on  upper  bearing 

N2  =  normal  load  on  lower  bearing 

rj  -  radius  to  surface  of  lov/er  bearing 

r2  ■  radius  to  surface  of  upper  bearing 

1  =  length  from  center  of  upper  bearing  to  center  of  axle 

1^  ■«  length  from  center  of  upper  bearing  to  center  of  gravity  of 

piston 

L  »  trail  leng'h 

K  spring  rate  of  strut  in  aft  direction 


From  the  same  free  body  diagram  the  summation  of  forces  normal  to  the  strut  center- 
line  gives 


C.  ‘  *  cj  -f"  ^  -k-  ^  ^  ^ ^  ^  ^ 


(19) 


From  the  free  body  diagram  of  the  wheel  the  summation  of  forces  in  the  horizontal 
direction  gives 


k/  +-  ■+■  /"x"  •+  s',  -  r  +■ 


I  * 


(20) 


where 


m 


effective  lumped  mass  of  wheel,  brake,  lire,  axle,  and  shock 
strut  at  axle  lor  fore  and  aft  motion  considerations 
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c  =  damping  coefficient  asaoci^ted  with  fore  and  aft  motion 

fOi  =  drag  forces  cn  tire  footprint  (i  =  1,  2,  and  3) 


The  frictional  force,  between  the  outer  cylinder  and  the  piston  is  given  by 


/'/  -  ^  /t;  4-  (21) 

It  can  be  noted  that  the  tire  has  been  divided  into  three  springs.  The  original  concept 
given  in  Reference  5  was  to  use  only  one  nonlinear  elastic  element  to  represent  the 
force  deflection  characteristic  of  the  tire.  As  explained  in  Reference  6,  this  would  not 
be  sufficient  to  represent  the  true  tire  characteristics  for  both  bump  impact  and  land¬ 
ing  impact.  The  model  finally  arrived  at  consisted  of  three  equally  spaced  nonlinear 
springs.  The  bump  shape  was  also  modified  to  allow  deflection  of  more  than  one  spring 
when  the  bump  was  at  the  center  of  the  tire  footprint.  Tests  conducted  on  the  F4H-1 
tire  are  covered  in  Reference  7  together  with  the  derived  force  deflection  characteristics 
of  the  three  springs  and  the  modified  bump  shape. 

Similar  spring  functions  were  derived  for  the  A3J-1  main  gear,  wheel  and  tire  making 
use  of  the  load  deflection  shapes  derived  in  Reference  7  and  experimental  data  on  the 
flat  plate  load  deflection  characteristic  of  a  36  x  11  24-ply  type  VII  tire.  The  derived 
spring  functions  are  given  in  the  data  section  of  this  report. 

The  deflection  of  each  spring  is  given  by 

^  i  J <  -h  c  J  +  (22) 


4--  -  .V  ,  +  (23) 


^3 


(24) 


wnere  h 

V 

b 


bump  shape,  a  function  of  (  j  yatV  -  v  -  6  )  etc. 
forward  velocity  of  airplane*^ 
spring  spacing 


Since  the  spring  spacing  is  symmetrical  with  respect  to  the  footprint  centerline,  the 
forward  spring  function  is  idenucal  to  the  aft  spring  function  so  that  only  two  functions 
are  used  to  describe  the  tire  force  deflection  characteristics.  The  fore  and  aft  spring 
functions  are  designated  gj  ( 3|)  and  gj  ( 63)  and  the  center  spring  functi^m  is  designated 

g2  (  ^2)- 
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Thus  fi  =  81  (il)  (25) 

^2  "  82  ( ^2^  (26) 

h  -  8i(«35  (27) 

The  total  vertical  force  at  the  tire  footprint  is 

^  x  /  -f-  .1  ^  -  ..  (28) 


Taking  the  summatior.  of  moments  acting  on  the  wheel  gives 


(29) 


Hete  it  can  be  notea  that  the  drag  forces  v'ere  ai'  assumed  to  have  a  lever  arm  ot 
Rf  -  ^2  which  is  only  approximately  true  since  and  general  be  different 

that  ^2'  However,  for  wheel  moment  calculation >,  the  dilference  between  and 

Rf  -  82  etc.  will  be  a  second  order  effect  which  <  an  be  neglec’^^ed. 

The  drag  forces,  ff)i,  are  determined  by  two  different  sets  of  equations.  The  particular 
set  to  be  used  depends  upon  whether  the  tire  is  roiling  or  sliding. 

Tire  sliding  is  defined  by  the  following  equation 


xy  - 


(30) 


where 

when 


*  sliding  velocity 

Sl  0  (tire  sliding)  then  f^^  is  given  by 


'rr  ~  -  -*-  <<  r 


;3i) 


where 

when  Sl 


sliding  coefficient  of  friction  between  tire  and  runway  .suiiai  t' 
0 


4, 


X  ^ 

'  77 


/j  6  - 


(32) 


until  such  time  that 


I  7^ ,  + 


!<-  i 


(33) 
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where  <  is  a  small  quantity,  Ideally  zero. 

Once  the  above  condition  becomes  true,  then  fjjj,  fj)2i  ^^3  determined  from 
Equation  (31). 

The  latter  set  of  equations  together  with  the  previously  derived  relationships,  Equations 
(1),  (2),  and  (3),  constitute  the  equations  of  motion  of  the  complete  main  landing  gear 
system.  Including  band-pass.  It  should  be  noted  that  In  Equation  (1)  the  volume  of  the 
dynamic  chamber,  Vp.,  Is  not  constant  but  Is  a  function  of  (Z^  -  Z*).  Likewise,  the 
main  orifice  area,  Aq.^Is  also  a  funcUon  of  (Z^  -  as  determined  from  the  metering 
pin  contour.  Both  of  these  functions  are  given  In  the  data  section  of  this  report. 

NUMERICAL  DATA  -  A3J-1  MAIN  LANDING  G’^AR  SYSTEM 

Numerical  data  foi  ‘  ic  A3J-1  main  landing  gear  and  the  nominal  band-pass  unit  Is  m 
follows: 


Masses  and  Moments  of  Inertia 


Ml 

'^.ain  mass  of  airplane  per  gear 

53.4  Ib.sec.Vln. 

m2 

mass  of  inner  cylinder  and  associated  parts 

.311  lb.sec.2/ln. 

Mg  - 

mass  of  band- pass  plunger 

.00035  Ib.sec.^/in 

noA  - 

mass  of  wheel,brake,tire,fork,axle  and 

.584  lb.sec.2/ln. 

associated  parts 

M 

effective  lumped  *r.as8  at  axle  for  fore  aj.d 

aft  motion  considerations 

.7  2.'  lb. sec, 2/in. 

I  * 

polar  moment  of  inertia  of  rotating  parts 
(wheel,tlre, brake  rotors,  and  associated 

parts) 

80.0  lb. in. sec. ^ 

Spring  Rates 

kg  » 

spring  rate  of  control  chamber  spring 

100  lb.  /  In. 

kx  ■ 

fore  and  aft  spring  ra!e  of  strut 

14,340  Ib./ln. 

Areas 

Apj  • 

inside  area  of  inner  cylinder 

20.428  in.  2 

Ajll  ■ 

Inside  area  of  inner  cylinder  minus  area  of 

orifice  support  tube 

17. 855  in.  2 

Ap2  ■ 

Inside  area  of  outer  cylinder  less  orifice 

support  tube 

27.072  ln.2 

Ap3  - 

band-pass  plunger  valve  cross-sectional 

area 

.785  in  2 

^p8  ■ 

area  between  I.D.  of  outer  cylinder  and 

O.D.  of  Inner  cylinder 

3.467  in.2 

wall  area  of  Inner  cylinder 

5.629  ln.2 

A^  ■ 

main  orifice  area  see  curve) 

S-30 


Ao2  = 

outlet  orifice  area  of  band-pass  control 

chamber 

0.001  in.  2 

Ao3  * 

inlet  orifice  area  of  band-pass  control 

chamber 

0.010  in/ 

^o5  = 

urilice  area  of  dump  valve 

.300  in.  2 

Lengths 

L 

mechanical  trail 

4.38  in. 

1 

leiigth  from  center  of  upper  strut  bearing 

to  axle  centerline 

55.04  in. 

ij  ffi 

distance  from  center  of  upper  bearing  to 

center  of  gravity  oi  shock  strut  piston 

34.0  in. 

a  = 

distance  betv/een  centers  of  strut  bearings 

in  fully  compressed  position 

29.86  in. 

R 

radius  of  tire  during  rolling 

15.00  in. 

Rf  = 

free  radius  of  tire 

18.38  in. 

ri 

outside  radius  of  inner  cylinder 

2.875  in. 

radius  to  surface  of  upper  strut  bearing 

3.061  in. 

b 

half  length  of  effective  footprint 

4.25  in. 

Miscellaneous 

P  = 

mass  density  of  hydraulic  fluid 

.0000^5  lb, sec. 2 

B 

bulk  modulus  of  hydraulic  fluid 

250,000  psi 

Vpl  = 

volume  01  ^hock  strut  dynamic  chamber 

(see  curve) 

Vp3  = 
Cd 

volume  of  band-pass  control  chamber 

3.0  in, 3 

orifice  discharge  coefficient 

.60 

M  s 

(for  main  metering  orifice  Aq, 

C(j  a  0.85) 

coefficient  of  friction  <d  strut  bearings 

.05 

P'P  X 

coefficient  of  friction  between  lire  and 

runway 

.55 

% 

strut  angle  of  inclination  (varianle) 

nominally 

0 

bl 

damping  coefficient  as'^ociaied  with  relative 

motion  of  band- pass  valvu 

(adjusted  to  give  approximately  lOf  of  cruical  damping) 

^2 

(See  Figure  3- lOB) 

R 

preload  of  band- pass  control  chamber  spring 

50  lbs. 

V’ 

fof'ward  velocity  of  airplane  (v  ariable) 

nominally 

2655  in.  set  . 

ANALfX:  COMPUTER  RUNS 

Using  the  equations  ot  motion  de'-ived  for  the  complete  landing  gear  system,  a  total  of 

132  simulated  drop  tests  were  made.  Paiumeter  variations  In  both  the  variable  ''’-iding 

gear  parameters  and  the  band-pass  mechanism's  parair.eters  were  made  to  dtfi ermine 
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UA.  L'vnaiiiii  Ci'amh'T  V’olumt-  anti  Mam  Oritu  i'  Area  vs  Stroke 


2(XKi 


higurr  3-l(X  A3J  Mam  (n-ar  Air  Pta'ssure  vji  Str-^kt.* 


the  over-all  performance  of  the  system  with  band-pass.  The  following  is  a  tabulation 
01  the  computer  runs: 


(1) 

(2)-(10) 

{11)-(17) 

(18)-(19) 

(20)-{27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 


Comparison  with  standard  drop  test  results 

Variations  in  sink  speed  *2,  14,  IG.  18,  20,  21,  22,  23,  24  ft. /sec. 

Variations  in  speed  2400,  2600,  28G0,  3000,  3200.  3400,  3600  in. /sec. 

Effect  of  strut  inclination  (18)  same  as  (1),  (19)  a  =  5 

Same  as  (1)  except  inipacts  at  2,  4,  6,  8,  IG,  12,  14^,  16  incnes  of  stroke 

Same  as  (27)  but  with  nominal  band-pass  unit 

Ao3  decreased  to  .905 

Rg  increased  from  50  lbs.  to  100  lbs. 

Same  as  (30)  except  bump  brought  in  at  4  inches  of  stroke 
A03/A02  =  10  (nominal)  -  20 
Repeat  of  (28)  except  preload  =100  lb.;. 

Repeat  of  (28) 

Repeat  of  (34) 
a  changed  to  20  in. 2  m. 

A'p3  cut  in  iialf 

Un.'^.orung  mass  dec.*'eased  by  factor  of  3  A  ^  returned  to  .785  in.^ 
Same  as  (38)  witha^.  =  10  in. 2  in. 

Same  as  (38)  witha^,  =  10  in. 2  in.  Unsprung  mass  =16  nominal 

Same  as  (38)  witha^,  =  10  in. 2  in.  Unsprung  mass  =19  nominal 

Pot  013  itiCreased  from  .1250  to  .5000 

Step  valve  Upper  Ap3  =  .785  2  R  =  100 

Same  as  (1)  except  bump  at  16  inches  stroke  -  no  band- pass 

Witli  band-pass  system  -  bump  at  16  inches  stroke.  R  =  100  lbs. 

Same  as  (45)  R  =  50  lbs. 

Same  as  (46)  e.xcepta^,  =  12.5  in. 2  m. 

Same  as  (47)  except  q^,  =  15.0  in. 2  in. 

Same  as  (47)  except  bg  increased  by  factor  of  4 

Nominal  b3,  V3  decreased  by  factor  of  5.0  {a^.  -  15.0  in. 2  m.) 

20.0  in, 2^  in.  same  as  (50)  otherwise 
A(,2  reduced  to  .0005  same  as  (51)  oiherw-ise 
V3  returned  to  nominal  value,  A  ^  -  .0010  b„  x  10.0  a  ,  ~  15.0 


15.0  in. 2  in.) 


X  20 

X  1  2 


Oyl  =  15 
otherwise 


2 

00135 


=  15.0 


ji^iifie  as  (54) 


(56) 

^'3 

X  2 

otherwise 

same 

as  (55) 

(57) 

^'3 

X  .0 

(58) 

O3 

X  20 

«vl  -  20 

(59) 

O3 

X  20 

=  15 

) 

(60) 

O3 

X  20 

Ao2  - 

.00135) 

(61) 

O3 

X  20 

rty  =  20 

A..2  = 

.001 

(62) 

O3 

v  20 

=  15 

Ao2  = 

.001 

(63) 

O3 

X  20 

ay  =  15 

^o2  = 

.00135 

)  |n 

5)  ) 


()l  good  computer  problems 


nominal  a. 


Nominal  band-pass  system 


=  001 


bump  at  2  in. 

I  4 
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(68) 

(69) 

(70) 

(71) 

(72) 


Nominal  band>paaa  system  bump  at  8  in. 

10  in. 
12  in. 
14  in. 

'  u  16  in. 


(73)  No  band -pass 

(7^) 

(75) 

(78) 

(77) 

(78; 

(79) 

(80)  M 


2  in. 
4  in. 
6  in. 
8  in. 
10  in. 
12  in. 
14  in. 
16  in. 


(81)  Ao3  =.0075  Sin. 


(82) 

(83) 

(e3-a) 

(84) 

(84-a) 

A  o  *  .0075 

Ao3  = .0050 

A  3  = .0050 

Aqs  * .0050 

Ao3  =  .0050 

16  in. 

8  in. 

8  in. 
16  in. 
16  in. 

100  lbs.  preload 

100  lbs.  preload 

(85) 

A^2  =  0015 

8  in. 

(85-a) 

Ao2  “.0015 

8  in. 

100  lbs.  preload 

(86) 

Ao2  -.0015 

16  in. 

(86-a) 

A  2  « .0015 

16  in. 

100  lbs.  preload 

(87) 

A°2  -  .0005 

8  in. 

(88) 

*  0005 

16  in. 

(89) 

V3  »  5  in.  2 

8  in. 

(90) 

V3  ■  5  In.  2 

16  in. 

(91) 

Vo  ■  1  In.^ 

8  in. 

(92) 

V3  »  1  in.  2 

16  in. 

(93) 

(94) 

(95) 

(95-a) 

(96) 

(96-a) 

A„-  ■  1.0  in.  2 

^3^.0in.2 

Aja  -  .50  in.  2 

Ap3-.50  ln.2 

A^..50  ln.2 

Ap3  •  .50  ln.2 

8  in. 
16  in. 
8  in. 
8  in. 
16  in. 
16  in. 

(97) 

Preload  •  35  lbs. 

8  in. 

(98) 

Preload  ■  35  lbs. 

16  in. 

(99) 

Preload  ■  65  lbs. 

8  i.n. 

(100) 

Preload  ■  65  lbs. 

16  in. 

(101) 

Preload  ■  80  lbs. 

8  in. 

(102) 

Preload  <■  80  lbs. 

16  in. 

(103) 

Preload  ■  100  lbs. 

8  m. 

(104) 

Preload  •  100  lbs. 

16  in. 

30  lbs.  prelDad 


30  ibs.  preload 
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(105)  Sink  speed  =12  ft. /sec.)  bump  at  4  in. 

(106)  Sink  speed  =12  ft. /sec.)  With  band -pass  I  8  in. 

(107)  Sink  speed  =  12  ft. /sec.)  |  14  in. 


(108) 

Sink  speed  =12  ft. /sec.) 

4  in. 

(109) 

Sink  speed  =12  ft. /sec.) 

Without  band-pass 

8  in. 

(110) 

Sink  speed  *12ft./sec.) 

14  in. 

(111) 

Sink  speed  =23  ft. /sec.) 

4  in. 

(112) 

Sink  speed  «  23  ft. 

/sec.) 

With  band -pass 

8  in. 

(113) 

Sink  speed  =23  ft. /sec.) 

16  in. 

(114) 

Sink  speed  =  23  ft. /sec.) 

4  in. 

(115) 

Sink  speed  «  23  ft. 

sec.) 

Without  band- pass 

8  in. 

(116) 

Sink  1  peed  =  23  ft. 

/sec.) 

16  in. 

(117) 

V  ■  2300  in./ sec. 

) 

8  in. 

(118) 

V  =  2300  in.  /  sec. 

) 

16  in. 

(119) 

V  ■  27  00  in.  sec. 

) 

8  in. 

(120) 

V  *  2700  in./sec. 

) 

With  band-pass 

16  in. 

(121) 

V  ■  3100  in.,  sec. 

) 

8  in. 

(122) 

V  =  3100  in.,  sec. 

) 

16  in. 

(123) 

V  =  3500  in.  sec. 

) 

B  in. 

(124) 

V  =  3500  in.  sec. 

) 

13  in. 

(125) 

’  =  230)  in.  sec. 

) 

8  in. 

(126) 

V  =  2300  in.  sec. 

) 

16  in. 

(127) 

V  =  2700  in.  sec. 

) 

8  In. 

(128) 

V  «  27  00  in.  sec. 

) 

Without  band-pass 

16  In. 

(Ik^) 

V  =  3100  in.  sec. 

) 

8  in. 

(130) 

V  =  3100  in.  sec. 

) 

16  in. 

(131) 

V  «  3500  In.  sec. 

) 

8  In. 

(132) 

V  ■  3500  in.  sec. 

/ 

16  In. 

.  ANALOG  COMPUTER  STLDY  OF  COMPLETE  MAIN 

LANDING  GEAR 

SYSTEM 

The  results  of  this  study  are  shown  partially  in  Figures  3-11  through  3-25.  In  gateral, 
the  study  Indicated  that  the  optimum  configuration  was  quite  close  to  the  configuration 
arrived  at  bv  the  simplified  model  studies,  t-'urther,  it  was  found  that  although  the  band¬ 
pass  unit  could  reduce  the  load  transferred  to  the  airframe  and  the  dynamic  chamber 
pressure  as  compared  to  an  identical  system  not  having  the  band-pass  mechanism,  it 
louifi  not  reduce  the  wheel  and  tire  loads  to  any  signific;int  degree. 

Ftun  (1),  the  results  of  which  are  shown  in  Figure  3-11  in  terms  of  tire  vertical  load  vs. 
shock  strut  stroke,  was  ca;  ried  out  to  check  the  degree  of  simulation  achieved  by  the 
analog  model  of  the  landing  gear  8y.st.em.  The  results  ind.cate  a  close  correlation 
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between  the  computer  results  and  the  actual  drop  test  results  obtaine<S  from  Reference 
(4).  Pressure  fluctuations  at  the  beginning  of  the  sir  ''ke  were  .'ot  duplicated,  but 
over-all  shape,  maximum  stroke,  arud  maximum  vertick/  toad  go  closely  duplicate  the 
results  of  the  drop  test.  Similar  correlation  was  obtair.ed  on  drag  1  )£.d  results.  Differ¬ 
ences  between  the  drag  load  calculated  on  the  computer,  •  nd  drop  test  drag  load,  can  be 
attributed  mainly  to  the  fact  that  the  actual  coefficient  of  friction  between  the  tire  ajid 
the  drop  test  platform  is  variable  whereas  only  a  constant  average  coefficient  of 
friction  was  considered  in  the  analog  computer  simulation. 

The  effect  of  strut  inclination  was  studied  in  runs  (13)  and  (19;.  The  results  of  these 
runs  indicated  that  there  was  very  little  change  in  lead-stroke  phenomena  for  minor 
variations  in  the  strut  angle  of  inclination.  For  -ji  reason,  no  further  studies  were 
carried  out  on  the  effect  of  strut  inclination  on  the  ‘unctioning  of  the  band- pass  shock 
strut  mechanism.  The  load-atroke  curves  for  these  two  runs  are  shown  in  Figure  3-12. 

Runs  (28)  through  (64)  were  miscellaneous  exploratory  r’ms.  The  purpose  of  these  runs 
was  to  examine  the  effect  of  parameter  variations  carried  out  to  alleviate  the  stability 
problem,  and  to  maintain  a  high  load  reducing  rapacity  of  the  band-pass  unit. 

Stability  problems  with  the  complete  landing  gear  system  were  greater  than  those; 
encountered  in  the  simplified  study.  This  was  due  primarily  to  the  fact  that  the  volume 
of  the  high  pressure  chamber  of  thestrut  could  reduce  to  as  low  as  17.5  cubic  inches  at  18 
incl.  ,s  of  strut  stroke.  Figure  3  -6A  shows  that  such  a  volume  would  be  expected  to  result  in 
extreme  instability  problems.  The  lower  preload  (50  lbs.)  would  tend  to  alleviate  this 
slightly,  but  parameter  changes  to  increase  dynamic  chamber  pressure  attenuation, 
over  that  obtained  witn  the  nominal  system,  were  found  to  be  impractical  due  to  the 
greater  instability  encounterr-t  with  such  changes.  7’he  computer  results  for  a  typical 
unstable  condition  are  show.i  in  Figure  3-13.  This  is  the  result  of  computer  run  (96) 
in  which  A  was  reduced  to  .50  in. 2.  The  severity  of  the  instability  is  indicated  by  the 
fact  that  tne  valve  completely  closed  due  to  rebound  of  the  compressed  fluid. 

Attempts  were  also  made  in  these  runs  to  alleviate  valve  instability  by  increasing  the 
damping  associated  with  the  Zj  -  Z3  motion.  Practical  Increases  in  this  damping  term 
did  little  to  the  stability,  however. 

Following  the  initial  exploratory  runs,  a  series  of  runs  were  made  to  e.vanune  the 
functioning  of  the  ''optimized"  band-pass  shock  strut  over  a  range  of  variables  normally 
encountered  in  service.  This  Included: 

1,  Point  of  stroke  at  which  bump  in. pact  occurred. 

2,  Variations  In  airplane  sink  speed. 

3,  Variations  in  airplane  forward  velocity  at  impact. 

In  addition,  variations  on  several  of  the  band-pass  parameters  were  earned  oct  to 
establish  if  any  Improvement  in  performance  n'uld  be  gained  by  slight  changes  in 
these  parameters: 

1.  Control  chamber  inlet  orifice  size  {Ay3). 

2.  Control  chamber  outlet  orifice  size  (Aq2)- 
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Figure  3-11.  Comparison  of  Analog  Compui 

^ round  Vertirai  Load 


GROUND  VSRllCAL  LOAD  KIPS 


Figure  3-12.  Effect  of  Small  Strut  In»  anaXi-m 
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3.  Control  chamber  volume  (■'  3) 

4.  Plunger  valve  cross-sectional  area  (A  g) 

5.  Control  chamber  preload  (R) 

The  etteci  ot  the  particular  instant  of  time  during  landing  impact  at  which  bump  impact 
occurs  is  shown  in  Figure  3-14  and  Figure  3-15.  The  complete  computer  results  of 
these  runs  are  given  in  Figures  16  through  31  in  Reference  8. 

Figure  3-14,  in  which  the  main  mass  acceleration  vs.  stroke  is  plotted,  illustrates  the 
improvement  obtained  by  use  of  the  band-pass  mechanism.  For  low  loads,  those  at  two 
and  four  inches  of  stroke,  the  band-pass  mechanism  does  little  to  improve  the  mam 
mass  acceleration  due  to  the  fact  that  the  valve  preload  keeps  the  band-pass  mechanism 
esse  itially  closed.  Once  the  vertical  load  has  reached  about  70,000  pounds,  the  band-pass 
mechanism  begins  to  function  effectively  and  main  mass  acceleration  brought  about  by 
bump  impact  is  considerably  reduced.  Figure  3-15  indicates  that  there  is  very  little 
alleviation  of  the  tire  vertical  load  during  bump  impact  through  use  of  the  band-pass 
mechanism. 

The  v.Tect  of  airplane  sink  speed  on  the  functioning  ot  the  band-pass  unit  is  shown  in 
v  LVO!  s  3-16  and  3-l7.  These  figures  give  the  main  mass  acceleration  and  tire  '  ertical 
loao  vs.  stroke  for  Runs  tl05)  through  (116).  The  complete  computer  results  of  these 
runs  are  given  in  Figures  3^i  through  45  in  Reference  8.  Here,  again  it  can  be  seen 
that  the  band-pass  shock  strut  effectively  reduces  the  loads  transmitted  to  the  main  mass 
01  the  airplane  when  the  vertical  landing  impact  load  is  high.  The  series  of  drops  at 
12  ft.  sec.  sink  speed  show  no  improvement  :n  bump  impact  loads  due  to  the  valve  pre¬ 
load.  On  the  other  hand,  the  bu  up  impact  loads  developed  in  the  23  ft.  sec.  drop  show  a 
slightly  higher  percentage  rec._ctton  than  those  previously  determined  lor  the  nominal 
sink  speed  of  approximately  20  ft.  sec. 

The  high  sink  speed  drops  also  indicate  that  the  SO-pound  preload  .>1  the  control  chambet 
spring  IS  sufficient  to  mauuam  the  band-pass  mechanism  closeci  tor  the  fu!'  range  ot 
sink  speeds. 

I'he  etteci  ot  airplane  forward  velocity  is  shown  in  Figures  3-18  and  3-19.  Tfiv  first 
figure  IS  the  main  mass  acceleration  vs.  strut  strok**  for  a  iurward  velocity  of  2300  m.  sec. 

I'hc  second  figure  shows  the  .sanie  variables  for  .t  forward  clocity  of  3400.  It  can  be 
seen  th.it  bump  impact  loads  increase  with  velocity.  The  smprovt'ment  gamed  tiv  use>  ot 
the  ksind-pass  mechani.sm  is  least  tor  the  low<‘s;  vel  :■<  I'.v  .  t  U!  moht-,--,  stroke  / 

Shi  eight -inch  .stroke  {Hisitnm.  however,  all  three  o  cw  ,:  .!  •.  ee. H  it-.es,  mmimal.  230*) 
in  sec.  and  3^00  m.  sec  result  m  appi  o.xim.iietv  the  >ame  degi-.-e  ot  inipr  .ot  meni  in 
tt'.f  mam  mass  .u  celei  ation. 


.As  prev jiKs! V  niiHitiosu'd,  pai'ameter  ai  lati  -u  studies  weio  .  .u  fietl  'ut  t,,r  A  j-.  A, ,2, 
■3'  Val'Nf  gam  was  not  stud.ed  si;  •  <  it  'a.i.-.  b-t*  i  nnmst  in  th»‘  course  ot 

the  misc eU.iiUfous  ex|)ioralorv  runs  that  anv  slight  uuo  !i..,e  ui  .ahe  gam  Ao.ii.i  resul' 
in  msMbUitv  at  the  near  -  con',pr  esse-d  strut  rtaOMtu.-n.  Valve  mass  and  vontr  >1  .  h.mitie' 
spring  tale  were  t;»und  to  have  neghglltle  e?f«  ^  t  witiun  th*  tang*  previ  mso  -.tic,(i.-,i  o 
.  oiinevtioi;  witfi  tfie  sunphlo'd  mixiel. 

'text  r-intiimisi  istgc  3 
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Figure  3-14.  Main  Mass  Acceleration  With  and  Without  Band-Pass 
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Figure  3-15.  Ground  Vertical  Load  With  and  Without  Band-Pass 
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P’igure  3-17.  Effect  of  Sink  Speed  Ground  Vertical  Load  vs.  Stroke  With  and  Without  Band-Pass 


Figure  3-18.  Effect  of  Forward  Velocity-Low  Velocity  impact 


Figure  3-19.  Effect  of  Forward  Velocity-High  Velocity  Impact 


The  effect  of  Aq3  is  shown  In  Figure  3-20,  in  wWch  the  main  mass  accelciation  brought 
on  by  bump  imj^fict  is  plotted  against  Aq3.  Here,  the  ratio  of  Aq3  to  A  «  was  not  main¬ 
tained  fix^  so  that  the  smaller  values  of  AqS  would  require  a  preload  larger  than  the 
nominal  value  of  50  lbs.  Therefore,  runs  were  made  with  both  50  and  100  lb.  preload  at 
the  lowest  value  of  Aq3  (.005  in. 2).  Comparison  of  the  points  for  the  bump  impact,  at 
eight  inches  of  stroke,  reveals  the  same  general  trend  previously  seen  in  Figure  3-7B. 
However,  the  points  for  the  bump  impact  at  16  inches  of  stroke  seem  to  violate  previovs 
contentions  that  decreases  in  A^r.  decrease  the  load  transferred  to  the  main  mass, 
since  the  orifice  size  results  in  ^  r  incremental  main  mass  acceleration.  The 
reason  for  this  is  the  severe  instability  encountered  with  the  combination  of  reduced  inlet 
orifice  area  and  reduced  dynamic  chamber  volume.  Extreme  fluctuations  in  the  Pj 
pressure  resulted  from  the  valve  instability  thus  increasing  the  main  mass  acceleration. 
The  optimum  value  on  A^g  appears  to  be  in  the  vicinity  of  .010  in.  2. 

The  effect  of  Aq2  on  main  mass  incremental  acceleration  is  shown  in  Figure  3-21. 

Since  increasing  Aq2  decreases  Aq3/Aq2,  higher  preload  is  required  for  the  higher  values 
of  Aq2*  The  combing  effect  of  increased  Aq2  increased  preload  at  the  larger  values 
of  Ao2  bring  about  higher  loads  for  the  bump  impact  occuring  at  16  inches  of  stroke. 
Reducing  Aq2  increases  the  ratio  of  Ag3/A^2  resulting  in  higher  loads.  The  optimum 
value  of  Ao2  appears  to  be  in  the  vicinity  of  .001  in.  2. 

The  effect  of  V3  on  main  mass  incremental  acceleration  is  illustrated  in  Figure  3-22. 

Here  the  nominal  value  of  3.0  in. 2  is  near  optimum.  Increasing  vg  leads  to  instability 
and  severe  fluctuations  in  the  dynamic  chamber  pressure.  The  285  ft. /sec.  2  increase 
in  the  m?.in  mass  Acceleration  for  V3  *  5,  in  Figure  3-22,  is  not  precise  since  the  com¬ 
puter  overloaded  during  this  instability,  exaggerating  tl'.®  Pj  pressure  fluctuation, 
However,  the  accelerations  developed  prior  to  saturation  were  considerably  greater  than 
those  developed  for  vg  ■  3.0. 

A  similar  effect  is  obtained  by  decreasing  Apg.  The  instability  resulting  from  reducing 
Ap3  to  .50  in. 2  is  shown  in  Figure  3-13.  Increasing  Ap3  to  1.00  in.  2  alleviates  the 
instability,  but  increases  the  main  mass  incremental  Acceleration.  Figure  3-23  indi¬ 
cates  that  the  value  of  .785  in. 2  is  near  optimum  for  this  parameter. 

The  effect  of  preload  on  the  main  mass  incremental  acceleration  is  shown  in  Figure 
3-24.  As  expected,  reducing  preload  decreases  the  main  mass  incremental  acceleration. 
Reductions  below  50  pounds  cannot  be  tolerated  however,  since  this  would  result  in 
the  band-pass  valv^  opening  for  ciink  speeds  in  the  vicinity  of  23  ft. /sec. 
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Figure  3-20.  Parameter  Variation  Studies  Analytical  Investigation  of  Band- Pass  Applied  to  North  American 
A3J-1  Main  Landing  Gear  Effect  of  AQ3on  Main  Mass  Incremental  Acceleration 
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FljEare  S-21.  Furanse^er  VariMion  Stodles  Analvtical  Investigation  of  Band-Pass  Applied  to  North  American 
ASJ-1  Main  T  ■itinr  Gear  Effect  of  A^n  on  Main  Mass  Incremevital  Acceleraticm 


Fig^e  3-22.  Parameter  Variation  Studies  Analytical  Investigation  of  Band- Pa is  Applied  to  North  American 
A3J-1  Main  Landing  Gear  Effect  of  V«  on  Main  Mass  Incremental  Acceleration 


Figure  3-ZS.  Parameter  Variatiaa  Stodie.^  Analytical  Investigation  of  Baco-Piiss  Applied  to  North  Americiio 
AU-1  Maia  f  aarttag  Gear  Effect  of  on  Main  Mass  Incremental  Acceleration 


Figure  3-24.  Parameter  Variation  Studies  Analytical  Investigation  of  Band- Pass  Applied  to  North  Ameruari 
A3J-1  Main  Landing  Gear  Effect  of  Preloads  on  Main  Mass  Incremental  Acceleration 


GENERAL  CONCLUSIONS  FROM  ANALYTICAL  STUDY 


1.  A  low  pass  hydraulic  band-pass  mechanism  can  be  adapted  to  modern  airplane 
landing  gear  shock  atrutc  to  reduce  tho  loads  transmuted  :o  the  airframe. 

The  load  reduction  that  can  be  r  ealized  by  such  a  device  is  on  the  order  of  50 
percent  of  those  additional  loads  imposed  by  high  frequency  bump  input  occuring 
during  landing  impact. 

2.  A  band-pass  mechanism  within  the  shock  strut  will  not  significantly  reduce 
impact  loads  on  the  wheel  and  tire. 

3.  The  design  of  a  band-pass  mechanism  for  any  given  landing  gear  application 
can  be  carried  out  using  the  simplified  model  derived  in  this  study.  Parameter 
adjustments  to  obtain  near  optimum  performance  of  the  iinit  based  on  the 
simplified  model  agree  with  those  of  the  model  of  the  complete  landing  gear 
system. 

4.  The  natural  frequency  of  the  valve  should  be  within  the  following  range 


12  < 


^  j2s\/2 

AM, 


<  46' 


where  X  =  wave  length  of  input  bump  load 

V  s  forward  velocity  of  airplane 

5.  Preload  of  the  valve  can  be  determined  from  Equation  (7).  Valve  preload 
should  be  adjusted  to  a  value  slightly  above  that  resulting  from  the  highest 
stroke  velocity  during  landing  impact. 

6.  A  band-pass  mechanism  for  the  A3J-1  shock  strit  should  be  designed  to  have 
the  following  numerical  values  for  its  parameters: 

Aq2  ■  .001  in.  2 

Aq3  »  .010  in.2 

^03  * 

Oy  B  10.0  in.  2/ in. 

Kg  B  any  value  convenient 

M3  B  .00035  to  .00070  lb.  sec.  Vin. 

R  .50  lbs. 

A  preliminary  design  of  such  a  valve  is  shown  in  Figure  3-25 

7.  The  analytical  study  indicates  that  stability  will  be  a  limiting  factor  in 
design.  If  the  stability  question  wl”  not  of  concern,  several  of  the  above 
parameters  could  be  adjusti  d  to  give  greater  attenuation  of  bump  impact 
loads  transmitted  to  the  airframe.  The  problem  of  valve  stability  will  have 
to  be  carefully  examined  in  the  experimental  phase  of  the  program. 
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SECTION  IV 


TECHNICAL  DISCUSSION  - 
EXPERIMENTAL  PROGRAM 


Test  Request  SDT- 3 5 28  was  written  to  cover  the  experimental  progi  am.  The  theoretical 
program  gave  methods  of  design  and  optimization  of  a  band-pass  uril  for  application  to 
aity  particular  shock  strut.  The  pimpose  of  the  experimental  study  was  to  confirm  these 
methods  by  correlation  with  the  computer  program. 

TEST  SET-UP 


The  mvodified  ASJ-1  MLG  was  mounted  in  the  drop  tower  above  the  120  inch  dynamometer. 
(See  Figure  4-1).  Spacial  geometry  at  the  attachment  points  simulated  the  actual  in¬ 
stallation  of  the  landing  gear  in  the  aircraft.  Safety  cables  were  attached  to  the  hoist 
used  for  raising  and  lowering  the  overhead  platform.  These  cables  were  a  safety  feature 
providing  means  for  raising  the  platform  rapidly  in  case  of  failure  of  any  part  of  the 
landing  gear.  These  cables  however,  did  linrut  the  drop  height  to  that  providing  a  19.6 
foot  per  second  impact  velocity. 

Two  different  types  of  cable  throwing  devices  were  used.  The  .irst  was  a  steel  tube  with 
one  end  modifi^  to  hold  the  cable.  The  other  end  of  the  tube  w'as  pinioned  so  that  the 
tube  could  swivel  over  the  dynamometer  wheel.  Four  inches  of  cable  r.isted  on  this  tube 
with  the  remaining  cable  O  ’erhanging  the  flywheel.  The  tube  was  spring  loaded  and  held 
in  place  by  a  magnet.  Whei;  a  drop  was  made,  the  platform  activated  a  s\dtch  which 
released  the  cable.  Proper  location  of  the  sw’itch  determined  the  position  of  strut  stroke 
at  which  time  the  cable  would  pass  under  the  tire.  This  type  device  proved  not  too 
successful.  The  main  problem  was  to  develop  sufficient  force  to  force  tne  cable  segment 
between  the  tire  and  the  flywheel.  A  second  device  w'as  fabricated  whereby  the  cable  wms 
pulled  along  two  guide  rods  and  under  the  tire  by  two  aircraft  shock  cords.  These  shock 
cords,  acting  as  springs,  were  stretched  before  the  release  of  the  dro*n  ng.  When  a  drop 
was  made,  the  rig  would  throw  a  sw'iich  which  released  ihe  cable.  By  n.nving  the  switch, 
the  time  at  which  the  cable  went  under  the  tire  could  be  altered. 

This  system,  although  workable,  was  not  completely  adequate.  In  retrospect  such  et  ng 
on  a  dynamometer  flywheel  is  not  recommended  for  the  future. 

SPECIMEN 

The  band-pass  unit,  Bendix  Assembly  Number  RXD- 18342,  was  designed  for  the  North 
American  A3J-1  Main  Landing  Gear.  Detail  drawings  are  numbered  RXD- 18343  through 
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Figure  4-1.  A3J-1  MLG  Test  Installation 
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RXD-183tJ2.  The  orifice  support  tube  was  the  only  part  of  the  A3J-1  strut  that  had  to  be 
modified  in  order  to  install  the  bond-pass  unit  :nto  the  strut.  The  additional  weight  of  the 
unit  is  approximately  eight  pounds. 

The  strut  was  a  left  hand  main  landing  gear  shock  strut,  Bendix  Assembly  Number 
170687.  The  metering  pin  and  orifice  used  had  Bendix  Part  Numbers  170777  and  170764 
respectively.  This  was  the  metering  pin  -  orifice  combination  that  was  developed  in  the 
Bendix  drop  test  and  has  the  orifice  area  used  in  the  analytical  studies.  Figure  4-2 
shows  the  band-pass  mechanism. 

INSTRUMENTATION 

A  Consolidated  Electrodynamics  Corporation  Recording  Oscillograph,  Type  5-114-P4  was 
used  to  obtain  traces  of  vertical  fork  load,  strut  stroke,  rig  acceleration,  unrprung 
mass  acceleration,  air  pressure,  hydraulic  pressure,  the  pressur  e  in  the  band-pass  unit, 
the  band-pass  vclve  travel,  and  an  indication  of  when  the  cable  was  imderneath  the  tire. 
These  were  recorded  with  respect  to  time.  The  methods  of  picking  up  the  individual 
parameters  are  described  in  the  following  paragraph. 

Vertical  Fork  Load 


Several  strain  gages  were  mounted  on  the  fork  and  the  output  of  gages  measured  for 
vertical  load  and  for  drag  load.  Two  gages  were  wired  in  series  to  cancel  out  the  inter¬ 
action  of  drag  load  and  the  output  of  the  gages  recorded  on  the  oscillograph.  However, 
the  vertical  and  drag  loads  applied  during  calibration  were  low  in  comparison  to  the 
drop  loads  experienced.  Also,  the  effect  of  side  load  is  unknown.  For  these  reasons,  the 
fork  load  was  used  as  an  indication  of  the  relative  loads  and  not  a  measure  of  the  actual 
load. 

Strut  Stroke 


A  sliding  contact  on  a  wire  was  used  to  obtain  an  oscillograph  trace  of  the  strut  stroke. 
The  linearity  trace  was  proven  before  the  test  was  started.  The  stroke  is  calibrated  by 
physically  measuring  the  maximum  stroke  after  each  drop  and  equating  this  to  the  maxi¬ 
mum  deflection  on  the  oscillograph. 

Rig  Acceleration 

A  Statham  accelerometer  was  mounted  on  the  rig  near  the  center  of  gravity.  This 
acceleration  is  linear  for  the  range  measured.  A  calibration  of  one  'g'  can  be  measured 
during  free  fall  for  each  record. 

Unsprung  Mass  Accelerometer 

A  Statham  accelerometer  v'as  mounted  at  the  axle  on  the  fork  side  of  the  strut.  Tlie 
calibration  factor  for  this  accelerometer  is  100  g's. 

Air  Pressure 


A  precalibrated  pressure  capeule,  was  used  to  measure  the  air  pressure.  This  capsule 


4-3 


Band-Pass 


was  mounted  at  the  filler  plug.  Calibration  of  the  capsule  is  linear  and  the  calibration 
factor  is  610  psi. 

Hydraulic  Pressure 

The  hydraulic  pressure  below  the  orifice  was  measured  by  drilling  a  hole  in  the  meter¬ 
ing  pin  diaphragm.  A  precalibrated  pressure  capsule  was  attached  to  the  diaphragm  at 
this  opening  to  create  a  continuous  passageway  to  the  capsule.  Calibration  of  the 
capsule  was  linear  and  the  calibration  factor  is  3850  psi. 

Internal  Pressure  in  Band-Pass  Unit  RXD-18358 


Part  RXD- 18356  was  instrumented  with  strain  gages  to  read  hoop  tension.  The  output 
of  these  gages  was  measured  as  a  function  of  pressure.  The  calibration  of  these  gages 
was  linear  and  the  calibration  factor  is  670  psi. 

J:<and-Pas8  Valve  Travel 

The  travel  of  the  slide  valves  in  the  Band- Pass  Unit  was  measured  by  using  a  Bently 
distance  detector  system.  The  sensing  head  is  a  pancake-wound  coil  which  is  loaded  by 
the  pressure  of  any  conductive  material.  The  distance  the  conductive  material  moves  is 
determined  by  voltage  change  of  the  control  unit.  This  is  measured  by  galvanometer 
deflection  on  the  oscillograph.  The  calibration  of  oscillograph  deflection  versus  valve 
travel  is  in  Figure  4-3. 

Time  of  Cable  Impact 

A  wire  was  attached  to  the  cable  that  would  break  when  the  cable  went  under  the  tire. 
This  broke  the  circuit  to  the  oscillograph  causing  an  abrupt  galvanometer  trace 
deflection. 

TEST  PROCEDURE 

The  gear  with  the  band-pass  unit  installed  was  mounted  as  previously  described.  An 
extended  strut  air  pressure  of  186  psig  was  used  for  all  drops. 

A  tire  pressure  of  250  psig  and  the  band-pass  unit  blocked  was  used  to  start  the  test 
work.  Initial  drops  were  made  at  a  low  drop  height  and  the  drop  height  increased  in 
increments  using  the  cable  for  all  drops.  This  was  done  to  establish  the  size  of  the  bump 
impact.  Even  though  the  cable  was  going  under  the  tire  at  or  near  the  peak  load,  the  load 
increase  due  to  the  cable  was  small. 

The  bump  impact  would  be  worst,  i.e.  have  higher  load  increase  at  or  near  a  flat  tire 
condition.  Therefore,  the  tire  pressure  w'as  reduced  in  25  psi  inc.rement8.  At  175  psi 
tire  pressure  and  15  feet  per  second  sink  speed  the  incremental  load  increase  due  to 
the  cable  was  significant. 

The  test  program  was  continued  and  finished  using  175  psi  tire  presnure. 
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An  outline  of  the  conditions  and  the  drops  made  at  those  conditions  follows: 

I.  Normal  Strut  Configuration  (i.e.  No  Band-Pass  Unit)  Part  II  SDT-3528. 

A.  Without  cable,  (normal  drops). 

B.  With  cable. 

Both  made  at  10,  12,  14,  15,  16,  17,  18  feet  per  second  sink  speed.  Graphs  of 
strut  load  versus  stroke  have  been  plotted  for  the  above  and  appear  on  Figures 
4-4  to  4-10. 

n.  Nominal  Band- Pass  Configuration  Parts  I  and  III  SDT-3528  ,001  outlet  orifice, 

.010  Inlet  Orifice,  60  pound  preload  on  spring. 

A.  Without  cable. 

B.  With  cable. 

Both  made  at  10,  12,  14,  15,  16,  17,  18  feet  per  second  sink  speed. 

For  Part  I  and  II  the  lower  drop  heights,  under  36.5  inches  which  is  14  feet  per 
second  vertical  velocity,  the  cable  impact  load  is  small  enough  so  that  it  is  hard 
to  distinguish  normal  variation  of  the  load  curve  from  the  cable  impact  loads. 

Graphs  of  strut  load  versus  stroke  have  bef*n  plotted  for  the  above  and  appear  on 
Figures  4-11  to  4-16. 

HI.  Parameter  Changes  -  All  drops  at  17  feet  per  second  made  with  and  without  cable. 

A.  Oil  Volume  Change  Part  VII  SDT-3528. 

1.  Reduced  35%  (Maximum  change  that  could  be  accomplished). 

2.  Reduced  25%. 

B.  Nominal  Oil  Volume  -  Change  inlet  and  outlet  orifices  so  that  t*u-  ratio  of 
areas  was  10.  PartV  SDT-3528. 

1.  .002  Inlet  .0002  Outlet. 

2.  .005  Inlei  .0005  Outlet. 

3.  .0i5  Inlet  .0015  Outlet. 

4.  .020  Inlet  .0020  Outlet. 

C.  Inlet  orifice  changed,  outlet  constant  so  ratio  changed.  Therefore  spring 
preload  had  to  be  changed  (Nomina’  /*10,  .001  60  lb.)  Part  VI  SDT-3528. 

1.  Inlet  .005,  Outlet  .001  (Nominal)  Spring  Preload  125  Pounds. 

2.  Inlet  .015,  Outlet  .001  Spring  preload  40  pounds. 

(text  continued  on  page  4-25) 
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Figure  4-8.  Band- Pass  Test,  A3J-1  MLG,  Drop  Height  - 
48  Inches,  Band-Pass  Unit  Inoperative 
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Figure  4-6.  Band-Pass  Test,  ASJ-)  MLG,  Drop  Height 
S4  Inches,  Band- Pass  Unit  Inoperative 


Figure  4-iO.  Band-Pass  Test,  A3J-1  MLG,  Drop  Heit,ht  - 
60.5  Inches,  Band- Pass  Unit  Inoperative 
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Figure  4-11.  Band-Pass  Test,  A3J-1  MLG,  £>rop  Reilgiit  - 
27  Inches,  Band-Pass  IMt  Operative  -  NomiiULl  Parameters 
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Fifure  4-12.  Band-Pass  Test,  A2J-i  IfLG,  Drop  Height  - 
96.  S  Inches,  Band- Pass  Operative  -  Nominal  Parameters 


Figure  4-13.  Band-Pass  Test,  A3J-1  MLG,  Drop  Height  - 
42  Inches  Barid-Pass  Unit  Operative  -  Nominal  Parameters 


Figure  4-14.  Band-Pass  Test.  A3.I-1  MLG,  Drop  Heigfit  - 
48  Inches,  Band- Pass  Unit  Operative  -  Nominal  Par  ameters 
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Figure  4-17.  Band-Pass  Test,  A3J-1  MLXj,  Drop  Height  54  Inches, 
Band-Pass  Operative,  Changed  Oil  Volume  -  37%  Reduction 


Figure  4-18.  Band-Pass  Test,  A3J-1  MLG,  Drop  Height  54  Iiuh»‘s 
Bajid-Pass  Operative,  Oil  Volume  Reduced  37% 
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Figur';*  4-19.  Band-Pass  Test,  A3J-1  MLG,  Drop  Height  54  Inches. 
Band- Pass  Unit  Operative,  Change  >1  Oil  V'olunie  -  25  "  Reduction 
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-21.  Band-Pass  Test,  A3J-1  MLG,  Drop  Height  54  Inches,  Band-Pass 
Unit  Operative,  Inlet  Orifice  =  .002,  Outlet  Orifice  =  .0002 


22.  Band- Pass  Test,  A3J-1  MLG.  Drop  Height  54  Inches,  Band-P.i.s.s 
Unit  Operative.  Inlet  Orifice  =  .002.  Outlet  Orifice  =  .0002 
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-23.  Bar.d-Pass  Test.  A3J-1  MLG.  Drop  Height  54  Inihes,  Band-! 
Unit  Operative.  Inlet  Orifice  =  .005.  Outlet  Onlice  -  .0005 
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Figure  s-25. 


Figu;  ;•  4-  26. 


Figure  4-29.  Band-Pass  Test,  A3J-1  MLG,  Drop  Height  54  Inches,  Band-Pass 
L'nit  Operative,  Inlet  Orifice  ^  .005.  Outlet  Orifice  ^  .001,  Spring  -  125  Lbs 


Figure  4-10.  Band-Pass  Test.  A3J-1  MIX-  Drop  Height  54  Inches,  Rand-P.is.s 
Unit  Operative.  Inlet  Orifice  =  .005,  Outlet  Orific  e  ^  .001.  Spring  -  125  Llis. 
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Figure  4-33.  Band-Pass  Test,  A3J-i  MLG,  Drop  Height 
54  Inches,  Band- Pass  Unit  Operative,  Spring  -  125  Lbs. 


Figure  4-34.  Band-Pass  Test,  A3'I-i  MLG,  Drop  Height 
54  Inches,  Band- Pass  Unit  Operative,  Spring  -  125  Lbs. 


D.  Nominal  Conditions  Except  preload  on  Spring  125  pound  Part  TV  SDT-3528, 

Graphs  ot  strut  load  versus  stroke  and  wheel  load  versus  strut  strdke  have 
been  plotted  (or  the  above  and  appear  in  Figures  4-17  to  4-34. 

Two  of  the  graphs  differ  from  the  others  to  a  degree  that  requires  explanation. 

On  drops  280-281  (Figures  4-?.l,  4-22)  the  band-pass  unit  opened  upon  tire 
contact  with  the  dynamometer.  With  the  unit  open,  the  net  orifice  area  is  in¬ 
creased  which  decreases  the  hydraulic  force.  In  order  to  absorb  the  energy, 
the  strut  stroke  is  increased.  On  drop  281,  the  unit  closed  earlier  than  it  did 
for  drop  280  which  means  tliat  after  the  unit  closes,  the  load  goes  higher  and 
the  str^e  is  less  on  drop  281. 

On  drop  282  (Figures  4-23,  4-24)  the  unit  opened  prematurely,  which  lowers 
the  load  early  in  the  stroke,  then  the  unit  closed  at  mid-stroke  and  the  load 
was  increased  in  the  latter  portion  of  the  stroke. 

The  high  sink  speed  rates  asked  for  in  Parts  DC  and  X  of  Test  Request 
SDT-3528  could  not  be  accomplished  in  this  drop  rig. 

TEST  RESULTS 

The  cable  load  on  drops  193  and  194  compared  favorably  with  liiC  analytical  work  done  on 
this  gear  which  is  covered  in  Bendix  Report  SH-61-1.  Graphs  of  load  versus  stroke  for 
these  drops  are  in  Figures  4-8  and  4-9. 


It  appears  that  unless  the  :able  goes  under  the  tire  at  a  nearly  flat  tire  condition  that  a 
large  portion  of  the  cable  impact  is  absorbed  by  the  tire. 

Cable  loads  of  the  size  and  shape  of  drops  193  and  194  were  not  encountered  with  a 
nominal  band-pass  unit  installed.  For  this  reason  it  is  inferred  that  the  unit  does  reduce 
the  strut  load.  A  direct  comparison  Oi  the  size  of  the  bump  impacts  is  clouded  with  other 
factors.  If  the  cable  were  induced  under  the  tire  when  the  load  was  level,  and  evaluation 
of  the  unit  would  be  more  meaningful.  If  the  cable  goes  under  the  tire  when  the  lire  is 
unloading  there  is  not  a  big  bump  in  the  ioad  curve  for  the  unit  to  react.  As  an  illustra¬ 
tion  see  the  graph  on  drop  230  in  Figure  4-15. 

In  order  to  get  a  comparison  a  graph  of  mean  load  versus  incremental  load  was  drawn 
for  the  cable  impacts.  The  mean  load  is  the  load  at  which  the  cable  was  induced  into  the 
tire  print.  The  incremental  load  is  the  increase  in  load  as  the  cable  goes  under  the 
tire. 


This  graph  in  Figure  4-35  shows  a  definite  improvement  with  ihe  band-pass  unit.  Fro.n 
the  two  lines  indicated,  without  band-pass  and  with  band-pass,  the  redaction  of  the 
incremental  load  is  nearly  fifty  precent.  While  the  band-pass  unit  reduced  the  size  of 
this  impact  load  transmitti  J  to  the  airframe  the  wheel  loads  do  not  show  a  change  with 
and  without  the  unit.  This  Is  an  tmporUnt  result.  Figures  4-38,  4-37,  4-38,  and  4-39  are 
oscillograms  of  drop  tests  that  fall  on  the  extremities  of  the  two  lines. 
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The  change  ol  various  parts  of  the  band-pass  unit  were  made  to  see  if  an  improvement 
in  the  performance  of  the  unit  could  be  accomplished.  None  of  the  changes  indicated  an 
improvement,  some  indicated  no  change  in  the  performance  and  others  indicated  a 
worse  performance.  The  following  is  an  accounting  of  the  changes. 

I,  Oil  Volume  Changes 

A.  Reduced  37%  -  Cycling  of  the  band-pass  valve  occurred.  (This  result  agrees 
with  the  theoretical  studies). 

B.  Reduced  25%  -  No  significant  change. 

II.  Nominal  Oil  Volume.  Change  inlet  and  outlet  orifices  together  sc  that  the  ratio  of 
areas  was  10.  (Nominal  .010  -  .001). 

A.  .002  Inlet  .0002  Outlet.  This  change  resulted  in  opening  of  the  valve  upon  tire 
contact  with  the  dynamometer. 

D.  .005  Inlet  .0005  Outlet.  (Same  comment  as  .002  -  .0002). 

C.  .015  Inlet  ,0015  Outlet.  This  change  did  not  seem  to  alter  the  performance  on 
the  unit. 

D.  .020  Inlet  .0020  Outlet.  This  change  did  not  seem  to  alter  the  performance  on 
the  unit. 

ni.  Ratio  of  the  inlet  to  outlet  changed  along  with  the  spring  load, 

A.  Inlet  .005  Outlet  ,901  Ratio  5  125  lb.  spring.  No  significant  change. 

B  Inlet  .015  outlet  .001  ratio  15  40  Ib.  spring.  No  significant  change. 

IV.  Nominal  Conditions  except  for  125  pound  spring  load.  The  stiffer  spring  did  not 
allow  the  unit  to  open. 

In  essence  ii  appears  that  ’he  parameters  investigated  have  a  fair  degree  of  tolerance 
before  the  uint  is  adversi’ly  .Ufected, 
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Figure  4-36.  Band-Pass  Test  No.  200,  Drop  Height  36.5  Inches  (14  Ft./Sec.),  No  Dand-Pass  Unit 
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Figure  4-37.  Band-Pass  Test  No.  194,  Drop  Height  54  Inch 
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Figure  4-39.  Band-Pafis  Test  No.  258,  Drop  Height  60.5  Inches  (13  Ft.  Sec. j,  Band-Pass  Unit  In.staiUxi 


SECTION  V 


EVALUATION  OF  RESULTS, 

CONCLUSIONS  ANT)  RECOMMENDATIONS 

THEORETICAL  ANALYSIS  OF  McDONNEL  F4H-1  MLG  MODIFIED  TO  INCLUDE  BANP- 
PASS  UNIT 


The  work  accomplished  during  this  phase  of  the  program  included  the  following  items; 

1.  Incorporation  of  changes  in  the  mathematical  model  as  specified  in  the  contract, 
namely  modifications  of  the  model  to  take  into  account  the  pitch  angle  of  the 
landing  gear  and  airplane. 

2.  Changes  in  the  mathematical  model  found  necessary  for  simulation  of  the  cable 
impact  phenomena,  namely,  modification  of  the  tire  model  to  one  having  regions  of 
differing  elasticity  and  modification  of  the  bump  contour  to  simulate  the  tire  mode 
shape. 

3.  Computer  investigation  of  the  F4H-1  MLG  system  with  a  band-pass  unit  for 
normal  landing  and  bump  impact  conditions. 

4.  Analysis  of  computer  results. 

5.  Investigation  of  possible  modifications  in  the  F4H-1  MLG  to  make  it  adaptable  to 
a  bitnd-pass  unit. 

It  was  concluded  from  the  computer  results  t.hat  a  band-pass  unit  will  not  function 
properly  in  the  F4H-1  main  gear.  The  Inability  of  the  band-pass  unit  to  function  was 
traced  to  the  presence  of  the  high  pressure  air  chamber  in  series  with  the  strut  orifice 
flow. 

Based  on  analytical  studies  of  a  conventional  system  it  was  concluded  that  a  conventional 
gear  sho'ild  not  have  thin  same  difficulty.  The  band-pass  unit  should  be  able  to  antici¬ 
pate  the  high  load  from  bump  impact  due  to  its  sensitivity  to  the  rate  oi  pressure  buildup 
in  the  dynamic  pressure  chamber  of  the  strut. 

Based  on  studies  of  the  F4H-1  gear  structure  it  was  determined  that  mechanical  changes 
in  the  gear  could  be  ro>ule  to  eliminate  the  time  lag  effect  of  the  high  pressure  chamber. 
Such  changes  would  require  a  "paper"  redesign  of  the  pin  configuration  to  duplicate  air¬ 
plane  characteristics. 
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It  was  recommended  that  the  band-pass  development  program  be  continued  using 
another  more  conventional  landing  gear  system,  such  as  the  /vSJ-l  or  the  F9F  main  gear, 
rather  than  a  modified  F4H-1  main  gear.  The  simulation  achieved  in  this  study  was 
felt  to  be  sufficient  to  warrant  a  more  extensive  analytical  study  of  the  band -pass 
principle,  as  applied  to  the  landing  gear  shock  strut,  than  that  originally  proposed.  Such 
an  extension  would  allow  the  detailed  study  of  the  loads  transmitted  into  the  wheel  and 
unsprung  mass  by  bump  impact  in  addition  to  the  study  already  proposed  in  which  band¬ 
pass  was  to  be  evaluated  on  only  the  net  improvement  it  provided  in  the  loads  transmitted 
to  the  airfra  ne  proper.  In  addition,  miscellaneous  exploratory  studies  such  as  that 
undertaken  to  improve  the  tire  model,  wore  felt  to  be  in  order  in  this  study. 

THEORETICAL  ANALYSIS  OF  NORTH  AMERICAN  A3J-1  MLG  MODIHED  TO  INCLUDE 
BAND- PASS  UNIT 


The  work  accomplished  during  this  phase  of  the  program  included  the  following  items: 

1.  Development  of  a  simplified  mathematical  model  of  the  band-pass  mechanism. 

2.  Linearized  study  of  this  model. 

3.  Analog  computer  study  of  the  model. 

4.  Tire  model  investigations. 

5.  Study  of  the  complete  landing  gear  system  with  and  without  band-pass  by  analog 
computer  simulation. 

The  general  conclusions  from  this  phase  of  the  program  were  as  follows; 

1.  A  low-pass  hydraulic  band-pass  mechanism  could  be  adapted  to  modern  airplane 
landing  gear  shock  struts  to  reduce  the  loads  transmitted  to  the  airframe.  The 
load  reduction  that  can  be  realized  by  such  a  device  is  on  the  order  of  50%  of 
those  additional  loads  imposed  by  high  frequency  bump  impact  occurring  during 
the  landing  impact. 

2.  A  band-pass  mechanism  within  the  shock  strut  w:U  not  significantly  reduce  impact 
loads  on  the  wheel  and  tire. 

3.  The  design  of  a  band- pass  mechanism  for  any  given  landing  gear  application  an 
be  carried  out  using  the  simplified  model  desired  in  this  study.  Parameter 
adjustments  to  obtain  nea:  optimum  performance  of  the  unit  based  on  the  simplified 
model  agree  with  those  of  the  model  of  the  complete  landing  gear  system. 

4  The  natural  frequency  range  of  the  valve  was  determined. 

5.  The  spring  preload  of  the  valve  was  determined. 

6.  rarameter.s  fur  the  design  of  a  oand-pars  unit  for  the  A3J-1  MLG  were  determined. 
A  preliminary  design  of  this  mechanis-n  was  made. 
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7.  The  analytical  utudy  indicated  that  valve  stability  would  be  a  Liiutung  design  factor. 
EXPERIMENTAL  ANALYSIS 

The  test  program  was  br  ought  to  a  successful  conclusion  but  not  without  overcoming  a 
number  of  extremely  difficult  problem  areas.  It  would  be  more  proper  to  say  that  some 
of  these  problems  were  partlaily  overcome.  The  sinulation  of  actual  aircraft  landing 
conditions  by  lalxsratory  methods  can  never  be  100%  accurate.  Now,  when  we  consider 
the  simulation  of  some  of  the  most  severe  overload  landing  conditions,  the  accuracy 
level  is  greatly  reductid. 

The  North  American  Band-pass  modified  A3J-1  MLG  was  mounted  in  the  drop  test 
tower  above  the  120”  dynamometer  as  described  and  illustrated  in  Section  IV. 

One  of  the  first  problems  arises  in  providing  horizontal  velocity  increments  through 
rotation  of  the  flywheel  rather  than  strut  velocity  relative  to  the  ground.  Flywheel 
curvature  affects  spin-up  and  spring-back  loads  and  the  tire  footprint  configuration  as 
well  as  loading.  The  steel  flywheel  surface  provides  a  variation  of  tire  friction 
coefficient  especially  since  the  tire  rolls  over  the  same  surface  many  times.  The  above 
t:!Ctors  can  be  neglected  or  considered  minor,  in  a  large  number  of  tests  that  can  be 
performed  in  tills  facility.  However,  when  we  compound  the  situation  by  throwing  a  ste  d 
cable  between  the  tire  and  the  fijnvheel  at  an  instart  at  which  we  hope  the  tire  is  flat, 
numerous  problems  arise. 

The  landing  condition  to  be  simulated  in  the  test  program  was  as  follows.  An  aircraft 
cairler  landing  occurs  ds>;ing  which  the  tire,  in  a  nearly  flat  condition,  impacts  one  or 
more  arresting  cables.  A  second  laboratory  simulation  problem  arises  in  that  .sufficient 
load  must  be  devei^yped  at  time  of  cable  encounter  ’o  flatten  the  tire.  If  we  faithfully 
reproduced  this  condition,  landing  gear  failure  could  result.  Numerous  variations  of 
tire  pressure  and  drop  height  were  required  to  establish  reasonable  incremental  loading 
from  cable  impact  without  attendant  tire  or  wheel  failure. 

A  tliird  problem  was  the  Introduction  of  the  cable  between  the  tire  and  the  tywheel.  1  he 
cable-throw  mechanism  used  in  the  first  series  of  tests  was  adjusted  so  'hat  timing  was 
fairly  repeatable.  However,  tlie  cable  segment  mariy  times  would  not  be  accepted  between 
the  tire  and  the  flywheel.  Various  shaped  ann  diametered  segments  were  tried  to 
alleviate  this  problem.  Eventually,  a  new  cable-throw  mechanism,  as  discussed  in 
Section  IV,  was  Duilt.  This  mechanism  proved  better  but  not  completely  succe.s.siul.  Dn 
several  oc-asions.  the  mechanism  'ailed  and  was  torn  apart,  resulting  in  reliuilding 
delays  in  the  program. 

The  safety  of  operating  personnel  was  ut  prime  con  ei  ii  There  were  m.iny  im  uii  iits 
cable  failure  or  ricochet  aftei  .he  segment  passe<l  tietween  the  tire  and  the  livwhet-l 
blown  tires,  failure  of  the  throw  iT'er  hanism  components,  and  wheel  and  flvwh  <1  i.innige. 
No  ont  was  injuied  during  the  course  o!  ihe  progran. 

In  addition  to  the  above  special  problems,  is  the  general  problem  <>(  repratatnuty  Km  h 
with  conventional  shock  struts,  there  is  variation  in  hiads  developed  for  ideniu'.U 
conditions.  Loads  vary  tor  the  same  shock  struts  ae  well  as  for  those  within  a  cei  lain 
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type.  Add  to  this  the  tomplicaticn  ct  internal  band-pass  unit  and  the  problem  is 
magnified. 

263  drop  ^ests  were  conducted  during  the  progr-'  It  was  difficult,  because  of  some  of 

the  factors  mentioned  abov: ,  to  clearly  define  p  tative  results.  Qualitatively,  the 

experimental  drops  correlated  with  the  a  alytica’  suits. 

OVERALL  RESULTS  AND  CONCLUSIONS 

Results  of  the  overall  program  can  be  summarized  as  follows: 

1.  A  mathematical  model  was  constructed  and  equations  lierived  that  successfully 
represented  the  impact  of  an  aircraft  landing  gear  with  the  ground  and  subsequent 
impact  with  an  arresting  cable. 

2.  Th'  nonlinear  equations  were  linearized  and  rt  ulting  solutions  were  adequate. 

3.  The  theoretical  analy.sis  was  used  to  design  optimum  band-pass  units  for  the 
McDonnell  F4H-1  MLG  and  the  North  American  A3J-1  MLG. 

4.  A  band-pass  unit  was  fabricated  and  Incorporated  into  a  modified  North  Amerif\j.n 
A3J-1  MLG  shock,  strut. 

5.  The  band-pass  modified  A3J-1  landing  gear  was  mounted  in  the  drop  tower  above 
the  120-inch  dynamometer  Two  different  cable-throw  mechanisms  were  designed 
and  installed.  The  test  program,  including  hand-pass  unit  optimizat'on  studies, 
was  run  to  completion. 

Details  of  the  res.  Its  and  conclusions  have  been  (’escribed  in  previous  sections.  A 
summary  of  some  of  the  most  important  conclusions  follows- 

1.  A  band-pass  unit  can  be  designed  through  a  computer  program.  In  the  case  of  the 
modified  A3J-1  MLG  sho< strut,  an  analog  con  puter  was  used.  The  mathemavical 
model,  equations,  and  si mpli. '.cations  were  at-equate  to  evaluate  any  given  sy.stem 
and  de.sign  an  optinium  unit  for  any  g’  en  strut. 

2.  A  band-pass  modified  shcck  strut  alleviates  incremental  u>ads  into  the  aircraft 
structure  through  Ir-  gear  attach  points  caused  by  arresting  cable  impacts.  Botli 
theoretical  and  exp.  i  imenfal  results  indicate  that  the  reduction  in  ’.ccremental 
locd  IS  up  to  fibs  . 

3.  A  bann -pass  moditied  shuck  strut  does  not  alleviate,  to  any  appreciable  degree, 
those  incremental  loads  into  the  unsprung  mai.s  of  the  landing  gear  caused  d 
arresting  cable  impact.  By  unsprung  ma.«is.  we  refer  to  the  tire,  wheel,  axle  ami 
inner  shock  sirut  cylinder.  This  is  diic  to  ihe  impossibility  of  acc-'erating  the 
unsprung  rr.;«ss  d'oring  the  short  impait  duration. 

4.  The  band-pass  u...*  docs  not  mierfere  with  normal  landing  gear  viperation  Neither 
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is  it  sensitive  to  small  parameter  variations. 

In  ronclusion,  it  is  recommended  that  the  biUid-pass  modified  shock  strut  be  further 
tested  at  some  future  dai.e.  These  tests  could  be  aircraft  taxi  tests  or  runs  on  the 
Langley  Landing  Loads  Track.  It  would  be  possible  to  test  under  more  extreme  impact 
conditions. 
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APPENDIX  A 


McDonnell  f4h-i-mlg 
THEORETICAL  STUDIES 


GENERAL. 

A  schematic  of  the  first  type  of  band-pass  mechanism  installed  on  the  orifice  support 
tube  is  shown  in  Figure  A-1,  This  particular  mechanism  has  two  functions.  The  first 
function  is  to  provide  an  orifice  area  which  is  sensitive  to  the  strut  stroking  velocity. 

The  second  function  is  to  provide  a  mechanism  which  allows  a  free-flow  fluid  to  return 
into  the  lower  chamber  during  the  re-extension  portion  of  a  "bump”  cycle  without 
c>>vitating  the  lower  chamber. 

The  first  function  is  achieved  by  locating  a  chamber  above  the  plunger  assembly  and 
allowing  restricted  flow  into  this  chamber  from  the  lower  chamber  of  the  strut.  When 
the  Strok"  velocity  is  hivh.the  flow  into  the  control  chamber  w’ill  occur  at  a  nigh  rate. 

For  this  condition,  .he  pressure  drop  across  the  orifice  AqS  is  large  so  there  is  a  net 
upward  force  on  the  plunger  assembly  causing  it  to  rise  and  iiicrease  the  orifice  area 
Aq.  When  the  stroke  velocity  is  low,  the  pressure  drop  across  A,33  js  small  and  provides 
a  sufficiently  high  preload  in  the  return  spring  to  reseat  the  assembly,  giving  the  mini¬ 
mum  orifice  area. 

The  second  function  (that  of  a  dump  valve  ’O  allow  near  free  flow  back  into  the  lov^er 
chamber  during  short  re- extensions)  is  achieved  by  adjustment  ot  the  areas  Ap3,  A4j, 

A52  and  Af.  When  P2  is  greater  than  P^  the  net  force  on  the  plunger  assembly  is  upward. 


A  third  function  (tiiat  of  frequency  sensitive  snubbing  action  as  mentioned  in  Reference 
1)  haB  been  omitted  since  the  type  of  snubber  shown  in  Reference  2  will  not  operate 
properly,  for  a  three  tube  strut.  This  is  due  to  the  fact  that  high  pressure  acting  over 
the  area  A^.  re- extends  the  strut  and  cavitates  the  lower  chamber  -  even  with  the 
snubber  spider  completely  closed.  To  be  effective,  a  time  lag  snubber  must  be  located 
between  the  inner  and  outer  cylinder  and  the  upper  a.-^d  low  t-r  bearings. 

The  Type  II  band-pass  mechanism  is  shown  in  Figure  A- 2.  The  basic  principles  of  the 
mechanism  are  the  same  as  the  Typf  I  unit  except  the  functions  have  been  separated. 
The  reason  for  consideration  of  this  type  of  unit  resulted  from  an  examination  of  the 
equations  of  motion  for  the  Type  I  mechanism.  In  order  to  derive  some  indication  as 
to  how  the  Type  I  unit  would  perform  under  given  conditions,  (i.e.  the  interrelationships 
between  the  variables  of  rhe  unit)  a  complete  solution  should  be  run.  This  makes  it 
extremely  difficult  to  design  a  unit  since  "rules  of  thumb"  cannot  be  developed.  On  the 
other  hand,  the  oporatio*.  of  the  Type  II  unit  does  not  involve  large  interplay  between  the 
dump  valve  functioning  and  the  frequency-sensitive  orifice  functiim,  Thus,  even  without 
the  complete  solution  of  the  equations  of  motion  of  the  system,  "rules  of  thumb"  can  bi 
developed  for  the  Type  II  unit  which  allow  the  preliminary  design  of  the  band-pass  unit. 
Such  items  as  the  orifice  areas  A^)3  and  Ao2.  the  piston  area,  Ap3,  an.i  the  spring  and 
mass  in  liie  unit  can  be  determined  by  considering  maximum  resptmse  lime,  fh  w  i  atl¬ 
as  a  function  of  orifice  size,  and  other  criteria. 

The  Type  II  band-pass  mechanism  represents  the  most  feasible  design  problem  and  was 
used  in  the  analytical  studies  'task  I. 


All 


DERIVATION  OF  THE  EQUATION  OF  MOTION  -  TYPE  I  BAND- PASS 


The  followln'j  analysis  considers  the  landing  gear  as  a  five  degree  of  freedom  system. 
The  five  degrees  of  freedom  are:  Zj,  the  vertical  motion  of  the  iiiain  mass;  Z2,  the 
vertical  motion  of  the  unsprung  mass,  Z3,  the  vertical  motion  of  the  control  piston  of 
the  band-pass  mechanism;  Z^,  the  vertical  motion  of  the  band-pass  plunger;  and  x,  the 
fore  and  aft  motion  of  the  lumped  mass  at  the  axle. 

A  free  body  diagram  of  the  main  mass  is  shown  in  Figure  A-3.  The  forces  acting  on 
the  main  mass  consist  of; 

(1)  tl:^  t^ressure  P2  acting  over  the  area  Apg 

(2)  the  pressure  Pg  acting  over  the  area  between  the  inn^r  and  outer  cylinders 

(3)  the  pressure  Pj  acting  over  the  area  Apj 

(4)  a  lift  force  L 

(5)  the  weight  of  the  mass  Mj 

(6)  a  bearing  friction  force  of  Fj. 

The  equation  of  motion  for  the  main  mass  is  therefore 

MjZ,  ;-L+P2Ap2+P£Apj-PQApg-Mjg+Ff  =  0  (1) 

During  compression  of  the  strut  the  pressure  Pg  is  nearly  equal  to  P2  since  the  snubbing 
valve  located  between  the  inner  and  outer  cylinders  and  between  the  upper  and  lower  bear¬ 
ings  allows  essentially  free  flow  into  this  chamber.  If  a  time  lag  snubber  is  used,  the 
same  is  true  for  rapid  recycling  of  the  strut  since  the  snuboer  would  not  have  time  itj 
seat  and  restrict  flow  out  of  the  chamber.  For  shock  absorbing  during  impact,  the 
snubber  valve  would  have  no  effect  until  some  time  after  full  compressive  stroke  was 
reached.  The  action  of  the  snubber  therefore  is  not  Included  in  this  analysis  since  it 
may  be  analyzed  separately.  Thus  it  is  assumed  that  Pg  ■  P2.  A  free  body  diagram  of 
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Fiture  A-3.  Free  Body  Diagram  of  Main  Maas 
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the  unsprung  mass  is  shown  in  Figure  A-4.  The  vertical  forces  acting  on  this  mass 
are: 

(1)  the  pressure  acting  over  the  area  A(.+Ay,  which  is  the  end  area  of  the 
inner  cylinder 

(2)  the  pressure  Pj  acting  over  the  area  Apj 

(3)  the  pressure  Pg  acting  over  the  area  between  the  inner  and  outer  cylinders 

(4)  the  weight  of  the  unsprung  mass 

(5)  a  vertical  force  from  the  ground, 

(6)  the  friction  force  F{.  With  Pg  ;  Pg,  the  equation  of  motion  is 

^2*^2‘'^v‘^l^pl'^2^c"^2g"*^f  =  0  (^) 

The  vertical  force,  F,^,  is  a  non-linear  function  of  the  tire  deflection,  h  ■  This  will  be 
discussed  in  more  detail  later. 

The  pressure  P2  is  caused  by  the  c'^mpression  of  pressurized  air  coni  uiuni  in  the  upper 
chamber.  Due  to  the  flow  of  heat  between  the  fluid  ajid  me  air,  the  compression  process 
is  nearly  isothermal  for  moderately  large  stroke.  For  short  strokes  the  process  is 
more  likely  adiabatic  but,  since  the  compression  ratio  is  low,  there  is  very  little  differ¬ 
ence  between  isothermal  and  adiabatic  processes  for  short  stroke.  In  Reference  10, 
page  24,  it  is  concluded  that  the  variation  of  the  polytropic  constant  between  1.0  and  1.3 
results  in  only  secondary  effects  on  loads  and  deflection.  In  this  analysis  the  process 
will  be  considered  as  isothermal  for  the  reasons  menticned  abcive 

Po  « - _ 

l-(Ap2-A6)e  13) 

‘Vo 

s  •  stroke  of  piston 
where  Vq  =  initial  volume 

pQ  =  initial  air  pressure. 


The  effect  on  the  pressure  P2  of  volumetric  changes  in  the  oil  due  to  its  compression 
'.’re  assumed  to  be  accounted  for  by  the  use  of  the  lower  polytropic  constant. 


The  pressure  Pj  is  related  to  P2  through  Bernoulli's  equation  which  in  simplified  form 
is 


T  (P1-P2) 

''2  ' 


(4) 


where  V2  ■  velocity  of  fluid  through  the  main  orifice.  The  quantity  V2  is  determlnet  from 
the  continuity  equation  defining  the  flow  out  of  the  lower  chamber,  which  for  compressible 
fluid  given  by 


^D^o''2'^^D^o3''3  =  g^l 


V  =  volume  in  lower  chamber 
where  B  -  bulk  modulus  of  oil  and  cylinder 

V3  =  velocity  of  fluid  into  control  chamber. 


(5) 


It  can  be  noted  that  the  total  volume  in  the  lower  chamber  is  changing  with  stroke. 
However,  V/B  will  be  considered  constant  in  that  the  only  time  its  effect  is  significant 
is  for  high-frequency  low-amplitude  operation,  under  which  condition  it  is  essentially 
constant, 


Agam  from  Bernoulli's  equation  the  velocity  of  (low  into  the  ctintrol  cnanibers  is  given 
by 


T  !Pl-Pj> 

'■3  :  W 

The  orifice  area  is  given  by  some  (unction  of  (Z^-Zj)  ,  which  is  thi*  pi  iiger 
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displacement  relative  to  the  orifice  plate.  This  function  will  be  designated,  q. 


(Z3-ZJ) 


(7) 


The  flow  out  of  the  control  chamber  is  given  by 


^^4  « 


(8) 


The  continuity  equation  for  the  flow  of  fluid  into  the  control  chamber  is  given  by 


^  D^o3''3“^D^o2'^4  “  (24-Zi)Ap3 


(9) 


A  free  body  diagram  of  the  plunger  mechanism  is  shown  in  Figure  A>5.  The  plunger 
mechanism  can  become  linked  to  the  cor?  ol  piston  when  the  retraction  collar  comes  in 
contact  with  the  upper  surface  of  the  plunger  cavl^y.  The  possibility  of  the  retraction 
coUai*  coming  into  contact  with  the  lower  surface  Ic  <^xcluded. 

From  Figure  A-5,  the  equation  of  motion  of  the  plunger  Is 

M3(Z3-g)-t-KfnlZ3-24)+R3+P|A53-P2Ajj2  =  0  (^0) 


As  was  the  case  with  the  plunger,  the  force  R2  is  Introduced  to  take  the  place  of  the 
spring  preload  and  the  coordinates  of  Zj^  ajid  /  ^  are  chosen  such  that,  when  impact 
occurs  between  the  retraction  collar  and  the  plunger  assembly,  (Z^  s  Zj). 

The  reaction  Rj  supplies  a  foice  resuUii^  from  the  preload  of  the  main  spr  \g.  It 
could  t'e  eliminated  by  the  proper  select. on  of  Zjq  and  Z^q  out  it  Is  desired  that  Zg  and 
Z4  should  be  on  a  scale  such  that,  when  Z3  •  Z4,  ‘mpact  between  the  orifice  plate  and 
the  plunger  takes  place. 
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From  Figure  A-6,  the  equation  of  motion  of  the  control  piston  Is 


M4(24-g)+Kr(Z4-Zi)>K^(Z4-Z3)>P2A4i-P3Ap3-R3+PiAt+R2  -  0  (11) 


L 

'V  ' 


!  rfi 


^4, 


'4 


<  r. 


J - i  , 


r'  /? ' 


Figure  A-8.  Free  Body  Diagram  of  Control  Ptstoaa 

Mathematical  Model  for  Impact  Between  and  Plunger  and  the  Centre  1  Platon  and  Between 
the  Plunger  and  the  Orifice  Plates. 

It  la  assumed  ihat  there  Is  no  ioes  In  kinetic  energy  nor  momentum  aurlng  impact  be¬ 
tween  either  M|  and  M3  or  M2  M3.  This  assum^Xion  leads  to  a  relationship  between 
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the  respective  velocities  of  the  masses  before  .\nd  after  impact.  Denoting  velocities 

before  impact  by  the  subscript  B  and  velocities  .ifter  impact  by  the  subscript  A,  then 

»  • 

for  impact  between  Mj  and  Mg  (Impact  occurs  at  the  time  t  when  Zg  -  Zj  and  Zg  >  Zj), 


(2Z3jj+[7-)]Zib^  (12) 

Z3A«i77  (13) 

where  (13a) 

M3 

Similarly  for  impact  between  M2  and  M3 

=  (223b+C^"1]  (14) 

and 

where 

M2 


Tiif  reac  tions  R2  and  Rg  are  made  compatible  with  the  above  and  the  true  preload. 

The  «>quations  of  motion  after  the  impact  for  the  various  txxlies  will  remain  the  same  as 

those  l)clore  imoac*  except  that  the  initial  conditions  will  lie  such  that  t  ■  t  eO,  7.^  -  Z,  .  , 

c  l  lA 

•  • 

iml  Z.  1  •  Zj^  where  is  the  time  of  impact. 
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Flfi'r*  A-7.  Kl»«matlci  of  Impact  with  a  Bump 


TH#  yartlcal  moCiOD  o<  tha  main  maaa  durlof  bump  Impact  la  glvaa  by  tba  following 
aquation  drawn  from  Figuro  A-7, 

■ad  the  vartical  naocion  of  Cha  vinaprusg  maan  la  glvMi  by 

-Z,  .  [h,R„-  ♦]  -  [Ro]  •  I>  -  » 

Thaaa  two  aquatlona  may  ba  r<i|)lacad  by  tha  mora  cooTaniant  ooaa  of 
I  •  h  (V-i)>Z| 
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s  =  Z1.Z2 


The  force  F,,  used  In  equation  (2)  Is  a  function  of  4  ,  the  tire  deflection 


f’v  =  f  (4) 


(17a) 


The  friction  force  Ff  is  found  by  consideration  of  the  free  body  diagram  of  the  piston. 


Talcing  moments  at  point  A 


MNir2-MN2ri-FvL+F^l-N2(a-s)  =  0 


Taking  the  summation  of  forces  in  the  horizontal  direction 


Ni-Nj+KjjS  0 


and  from  the  free  body  diagram  of  the  wheel. 


The  iriction  force  Ff  used  previously  is  given  by 


Ff  »  (MN 


Taking  the  summation  of  torques  acting  on  the  tire  givef 


*  —  •  F  R 

dt 


A-15 


FifWi  A-a.  Corapltti  fr-  Body  of  UaaskTuuf  Mmh 
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The  slip  velocity  of  the  tire  io  given  by 


Slip  Velocity  =  V-x-wR 

The  drag  force  is  given  by 

Fj)  s  mt^v  •  V-x-wR  >  0 

(23a) 

*^D"*^tFv  ,  V-x-wR  <  0 

(23b) 

where  is  the  coeffi  :ient  of  friction  between  the  tire  iind  the  ground.  will  be  con- 
sidered  as  constant  in  thia  analysis  although  it  does  vary  somewhat  with  the  slip  velocity. 
Vv  iten  there  is  no  tire  slip,  the  drag  force  is  given  by 

F  -  1  A  {‘yA.\  (V.x)-wR=  o  (24) 

D  R  dt  \  R  ^  ' 

until 

i  A/h^  ^  I  * 

R  dt  \  R  !  ^  !  * 

at  which  time  Fjj  reverts  Jo  ,'Ho:oer  eqiution  (23a)  or  (23b).  (When  F^j  is  positive, 
equation  23a  is  reverted  to;  when  F^  is  negative,  equation  23b  is  used). 

The  above  relationehipe  complete  the  anaiysis  of  the  problenri.  The  one  item  which  has 
not  been  covered  in  the  analysis  is  the  freouency  sensitive  re- extension  snubber  which 
is  necessary  for  the  proper  operation  of  the  gear.  This  item  may  be  analyzed  separately. 
Its  effect  on  the  section  of  the  system  will  not  be  significant  if  it  operates  properly. 

This  is  due  to  the  fact  that,  for  Impact  with  a  bump,  the  landing  gear  will  re-extend  as 
if  there  were  no  snubber.  In  a  later  pt^rtion  of  the  landing  sequence  the  strut  will 
re-«}dand  to  reduce  the  intsrnal  losti  on  the  piston  so  that  it  balances  with  the  static  load 
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on  th«  gnnr.  In  thii  portion  of  th«  Unding  twittitiicny  th4  snubber  closss  and  prevents 
bouncing.  Howsvw,  this  portion  of  the  sequenice  will  noc  be  considered  in  the  analysis 
since  It  U  not  crltlcsl. 


DPqVATIOW  OF  THE  EQUATIONS  OF  MOTION  -  TYPE  U  BANP-PAaB 

The  squsiloo  of  motion  of  the  main  mass  U  IdnaUcal  to  that  for  the  type  I  band*pass 

MlZi^UPjApj^PlApi-PeApe-Mig^rf  r  0  (25) 


Llkevrlse  for  the  unsprung  mass  with  P5  t  P2 


M2Z24>Fy>PiiAppP2A^-ll2g-Ff  ■  0 


(26) 


The  air  pressure  is  given  by 


P2 


(27) 


The  velocity  of  fluid  through  the  main  orifice  Is  ftiven  by 


The  oootlttulty  equation  for  the  flow  al  fluid  from  the  lower  chamber  la 

<>1  (29) 

The  term  C[)AqjVj  u  the  flow  through  the  dump  valve.  This  flow  takes  i.iace  only  when 
P|  >Pi 
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V5  a  0  when  Pj  <  Pi 


Vi  . 


when  P2  >  Pi 


(W*) 


The  vrelocity  of  the  fluid  flowing  into  the  control  chamber  is 


-JJ  -J*’»  - 

r  0  V  |Pt  -  P3| 


The  orifice  area  is  given  by  some  function  of  the  plunger  displacement  relative  to  the 
orifice  plate 


Ao  •  q  (Z3  -  Zi) 


The  fl,w  out  of  the  control  chamber  is  given  by 


..  M 

"  yjpT-pji 


The  continuity  equation  for  flow  of  fluid  into  the  control  chamber  is  given  by 


‘^dAo3''3'CdAo2''4  •  (Z3-^iAp3 


A  free  body  diagram  of  the  plitnger  is  #h«)wn  below 


;K(Z,*Z3).H3 


P3Ap3 
;  "Mjg ;  “ 
L  ♦  ^3^3 


t  Pi  V5 

Figure  A-9.  Free  Bodv  Diagram  -  Plunger 
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Taking  the  summation  of  forces  in  the  vertical  direction  gives 


Ms'(Z3.g)+PiAp3.P3Ap3+K(Z3-Zi)-R3  =  0  (34) 

For  impact  between  the  plunger  and  the  orifice  plate,  which  takes  place  when  Z3  :  Zj 

•  • 

and  Z3  >  Zi^  the  velocity  of  the  plunger  after  input  in  terms  of  the  velocities  of  the 
plunger  and  the  orifice  plate  before  impact  is  given  by 

^3A  =  +  [1-Tj  Z3B^  (35) 

and  the  velocity  of  the  orifice  plate  after  impact  i-.  given  by 

ZlA  =  (36) 

1  +7\  / 

where  7  = 

M3 

Since  7  >  >  1  the  last  equation  may  be  simplified  to 

ZlA  2  ZiB  (37) 

Tue  equation  of  motion  coupling  the  fore  and  aft  strut  motions  to  the  vertical  motions 

are  identical  to  those  previously  derived  for  the  Type  I  band-pass  unit. 

M  Nir2-MN2ri-FvL+Fnl-N2(a-s)  :  0  (38) 

Ni-N2+K^  =  0  (39) 

M-X+K^j-Fq  3  0  (40) 

Ff»MNi+/.N2  (41) 
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(W)  = 

FdR 

(42) 

Fd  =  ^ 

when 

(v-x)  -  wR  >0 

(43a) 

Fjy  •  "MF^ 

when 

(v-x)  ~a»R  <  0 

(43b) 

F  -  -  -  —  1 

-  R  dt  1 

(  R  )  when  (v-x)-a>R-  0 

{43c) 

until 


I 

d 

1 

1 

R 

dt 

\  R  } 

at  which  time  F^j  reverts  to  either  equation  (43a)  or  ISb),  The  tire  deilecdon  ie  given 
by 

3  *  h  (v-x)  +  Zj 
and  the  stroke  by 
S  =  Zj  .  Z2 

The  vertical  V  rce  iy  is  given  by 
Fy  •  f  (  3  ) 

It  can  be  noted  that,  in  addition  to  the  initial  condition,  the  airplane's  velocity  must  be 
known  as  a  function  of  time  since  for  carrier  landings  it  it  not  correct  to  assume  that 
velocity  is  constant  in  the  period  of  Impact. 
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